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 The worldwide prevalence of obesity, particularly in developed nations, has become an 
epidemic in recent decades and the trend is continuing to rise. Moreover, the prevalence of 
obesity in children and adolescents is rising at an alarming rate. Obesity is associated with an 
increased risk of metabolic disorders including heart disease, insulin resistance, type 2 diabetes 
and nonalcoholic fatty liver disease. Therefore it is no surprise that lipid-related metabolic 
disorders have become a significant burden to our healthcare system. In	  recent	  years,	  the	  
conserved	  cellular	  recycling	  process	  of	  autophagy	  has	  been	  linked	  to	  several	  lipid-­‐related	  
metabolic	  disorders, including insulin resistance, fatty liver disease, atherosclerosis, and 
obesity. Autophagy plays a complex role in lipid metabolism as it contributes to both lipid 
storage and breakdown. The nematode C. elegans is an ideal model to address the fundamental 
mechanisms that underlie lipid homeostasis in an intact organism. We discovered that autophagy 
gene activity (unc-51/ULK1/2, bec-1/BECN1, vps-34/VPS34, and lgg-1/LC3I) is required for 
neutral lipid accumulation during development in C. elegans. Moreover, long-lived, daf-2/InR 
and glp-1/Notch loss of function mutants, characterized by increased lipid stores, also required 
autophagy to maintain neutral lipid accumulation. Reduced lipid levels could be due to a lack of 
lipid synthesis, defects in the storage, or an increase in lipid breakdown. We find that autophagy 
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mutants are able to synthesize, store, and breakdown neutral lipids adequately, but may have an 
increase in lipid catabolism. Interestingly, we found the cytosolic adipose triglyceride lipase-1 
(ATGL-1), is required for the reduction in lipid levels observed in autophagy mutants.  Depletion 
of atgl-1 restored the lipid levels in several autophagy mutant backgrounds, such as unc-
51/ULK1/2, bec-1/BECN1, atg-7/ATG7 and atg-16.2/ATG16L. Additionally, ATGL-1::GFP 
protein levels were elevated in the autophagy mutants, unc-51/ULK1 and atg-7/ATG7. 
Importantly, the co-activator of ATGL-1, LID-1 (in mammals, CGI-58), and the catalytic subunit 
of protein kinase A (PKA), KIN-1, are required for the decrease in lipid stores of autophagy-
impaired animals. These data suggest that loss of autophagy results in aberrant neutral lipid 
levels due to dysregulation of ATGL-1 stability and/or expression. Further studies are needed to 
assess if the autophagy lysosomal pathway regulates ATGL-1 expression though selective 
degradation by autophagy. Alternatively, the autophagy machinery may control ATGL-1 
localization and access to the lipid droplet as ATGL-1 contains conserved LC3 interacting region 
(LIR) motifs. Understanding the mechanism by which autophagy is required for lipid 
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 Introduction and background 




 1.11 Discovery of the lysosome and autophagy 
 In 1955, Christian De Duve isolated and identified a novel organelle from rat liver tissue 
describing  “granules” as containing a core of hydrolytic enzymes that function to breakdown 
carbohydrate, protein and fat substrates in an acidic environment (DE DUVE et al. 1955). De 
Duve named these novel organelles lysosomes, referring to their lytic function and shortly 
thereafter, the “dense bodies surrounded by a membrane” were visualized (DE DUVE et al. 1955; 
NOVIKOFF et al. 1956). At the time, the uptake of extracellular materials into a vesicle 
(phagosome), transported to the lysosome for degradation (endocytosis), had been visualized in 
macrophages and leukocytes in electron micrographs (ARSTILA AND TRUMP 1968). However, the 
intracellular recycling process of autophagy had yet to be identified. Interestingly, researchers 
observed irregular shaped vacuoles, distinct from lysosomes, containing intracellular materials 
including mitochondria, endoplasmic reticulum (ER) and ribosomes (NOVIKOFF et al. 1956; 
CLARK 1957). Yet it wasn’t until 1963 that de Duve coined the term autophagy or “self-eating” 
(DE DUVE 1963). Lysosomes were soon recognized as heterogeneous cytoplasmic organelles that 
served as both an extracellular and intracellular digestive system (SMITH AND FARQUHAR 1966). 
Shortly afterwards, the double-membrane autophagosome was characterized, found to be devoid 
of enzyme activity, distinct from the single membrane lysosome or hybrid organelle, an 
autolysosome (ARSTILA AND TRUMP 1968).  
 In addition to discovery of the biological phenomena of autophagy, it was also shown 
that autophagy process could be regulated by certain chemical treatments (e.g. hormones) or 
stress conditions (e.g. nutrient deprivation). For example, rats treated with the catabolic hormone 
	   3	  
glucagon, demonstrated an increased frequency of lysosomes containing cytosolic constituents in 
liver tissue (ARSTILA AND TRUMP 1968). Conversely, the anabolic hormone insulin was reported 
to inhibit autophagy in kidney cells (ASHFORD AND PORTER 1962). Moreover, it was shown that 
autophagy is inhibited by feeding, and induced by fasting (PFEIFER AND WARMUTH-METZ 1983). 
Hence, autophagy was linked early on to the circadian rhythm of mammals, providing a link 
between the biological clock and metabolism (PFEIFER AND SCHELLER 1975).  
 Since these important initial findings in mammals, autophagy has been identified across 
eukaryotic species, from single-celled to complex multi-cellular organisms, including humans 
(reviewed in (MELENDEZ AND NEUFELD 2008; KING 2012)). Although autophagy likely evolved 
as a mechanism to survive periods of nutrient deprivation, the most common threat to organismal 
survival, it plays a much more diverse role in organismal homeostasis (reviewed in (KOURTIS 
AND TAVERNARAKIS 2009)). Under normal growth conditions, basal autophagy acts as a general 
housekeeping mechanism, to maintain the integrity and overall health of the cell (reviewed in 
(MELENDEZ AND NEUFELD 2008; GLICK et al. 2010)). Basal autophagy is responsible for the 
turnover of organelles and proteins. If damaged cellular components such as mitochondria or 
misfolded proteins are allowed to linger in the cell, they may potentially become toxic and 
damage the cell (reviewed in (LEVINE AND KROEMER 2008; MELENDEZ AND LEVINE 2009)). In 
response to cellular stress (e.g. nutrient deprivation, high temperature, etc.), autophagy is induced 
as a mechanism to promote cell and organismal survival. Thus, autophagy plays a diverse 
physiological role at both the cellular and organismal level. It contributes to embryonic 
development, growth, tissue remodeling, cell death, immunity, tumor suppression, 
neuroprotection, and overall metabolic homeostasis (reviewed in (CECCONI AND LEVINE 2008; 
MELENDEZ AND NEUFELD 2008; MIZUSHIMA 2009)). Consequently, autophagy is implicated in a 
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broad range of human diseases including cancer, diabetes, inflammatory diseases, muscular and 
neurodegenerative disorders, and is considered a major factor in the metabolic syndrome of 
aging (reviewed in (LEVINE AND KROEMER 2008; TUKAJ 2013; JIANG AND MIZUSHIMA 2014)). 
 
 1.1.2 Different types of autophagy 
 Initial studies had only identified macroautophagy, considered a non-selective bulk 
degradation process (reviewed in (DENGJEL et al. 2008; CUERVO AND WONG 2014)). However, 
advances in molecular biology, in addition to light and fluorescent microscopy, have led to the 
identification of three main types of autophagy (reviewed in (TSUKADA AND OHSUMI 1993; 
OHSUMI 2014)). Each is classified according to the mechanism used for the delivery of cargo to 
the lysosome, and includes chaperone-mediated autophagy, microautophagy and 
macroautophagy (reviewed in (MIZUSHIMA 2007; MELENDEZ AND LEVINE 2009; WANG AND 
MAO 2014)).  
 Chaperone mediated autophagy (CMA) selectively targets cytosolic proteins to the 
lysosome (DICE et al. 1990). CMA is distinct from other forms of autophagy as proteins are 
transported directly across the lysosomal membrane (AGARRABERES AND DICE 2001; DICE 2007). 
The multi-step process of CMA includes substrate recognition, targeting to the lysosome, 
binding and unfolding of the substrate, translocation across the lysosomal membrane and finally 
degradation of the protein (reviewed in (KAUSHIK et al. 2011; CUERVO AND MACIAN 2014; 
CUERVO AND WONG 2014). Selective degradation of cytosolic proteins by CMA is accomplished 
by the binding of a chaperone protein, heat shock cognate protein 70 (hsc70) that recognizes a 
pentapeptide (KFERQ) motif within a protein substrate (CHIANG et al. 1989; DICE 1990). Once 
bound to the substrate, the chaperone facilitates its delivery to the lysosome (CHIANG et al. 1989). 
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Docking of the substrate protein-chaperone complex is recognized by the transmembrane 
lysosomal-associated membrane protein type 2A (LAMP2A). The substrate protein binds the 
monomeric LAMP2A (BANDYOPADHYAY et al. 2008) and the protein substrate is then unfolded, 
prior to being internalized (SALVADOR et al. 2000). Translocation of the unfolded substrate, 
across the lysosomal membrane, is accomplished by a multimeric LAMP2A complex 
(BANDYOPADHYAY et al. 2008). Once inside the acidified lumen, the substrate is degraded by 
resident hydrolases (AGARRABERES et al. 1997; CUERVO et al. 1997). CMA has been identified 
in a variety of cell types in mammals, however the LAMP2A receptor has not yet been identified 
in yeast, flies or worms (GOUGH et al. 1995; CHEN AND KLIONSKY 2011; PATEL AND CUERVO 
2015). 
 Microautohagy has been studied extensively in yeast but has not been well characterized 
in other eukaryotic cells (MARZELLA et al. 1981; MIJALJICA et al. 2011). In yeast, 
microautophagy involves the rearrangement of the lysosomal membrane to directly engulf 
cytoplasmic cargo (MARZELLA et al. 1981; MIJALJICA et al. 2011). Tubular invaginations of the 
lysosomal membrane allow the uptake of smaller particles (e.g. proteins), from which 
microautophagic vesicles pinch off inside the acidic organelle (MULLER et al. 2000). Larger 
cytosolic components (e.g. mitochondria) are taken up by rearrangements of the lysosomal 
membrane that sometimes form finger-like projections surrounding cargo (MILLEN et al. 2009). 
Microautophagy can uptake cytosolic components nonselectively, or can target specific 
organelles, including mitochondria, nuclei and peroxisomes (GOUGH et al. 1995; ROBERTS et al. 
2003; FARRE AND SUBRAMANI 2004). A microautophagy-like process has been shown to exist in 
mammals, whereby selected soluble cytosolic proteins are delivered to late endosomes, but not 
lysosomes, during the biogenesis of multivesicular bodies (SAHU et al. 2011). This process 
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requires a chaperone protein hsc70 that may provide the selectivity of cytosolic proteins and 
endosomal sorting complexes required for transport (ESCRT) I and III, but not the LAMP2A 
receptor of CMA (SAHU et al. 2011). 
 Macroautophagy, hereafter autophagy, is characterized by the de novo synthesis of a 
double-membrane vesicle, referred to as the autophagosome, that encapsulates cargo and is 
subsequently transported to the lysosome (or vacuole in yeast and plants) (reviewed in (HE AND 
KLIONSKY 2009; TOOZE AND YOSHIMORI 2010; CHENG et al. 2014)). Autophagy mediates the 
degradation of larger substrates, including intracellular organelles, microorganisms and protein 
aggregates. Autophagy can act as a bulk sequestration process, by nonselectively engulfing 
cytoplasmic contents when nutrients are scarce, to generate materials needed for the maintenance 
of metabolic homeostasis (reviewed in (HE AND KLIONSKY 2009; SINGH AND CUERVO 2011)). 
Additionally, autophagy can selectively target and eliminate a variety of worn-out/damaged 
organelles (e.g. endoplasmic reticulum, peroxisomes, ribosomes), potentially toxic protein 
aggregates, or invading pathogens (reviewed in (GLICK et al. 2010; REGGIORI et al. 2012; WANG 
et al. 2015)). Selective autophagy relies on specific autophagy adaptor proteins that assist cargo 
sequestration (BJORKOY et al. 2005; PANKIV et al. 2007; ICHIMURA et al. 2008).  
 
 1.1.3 Mechanisms of autophagy overview 
 Autophagy is a highly dynamic process that entails the concerted effort of several 
proteins and protein complexes that act in distinct steps of the pathway. These steps are induction, 
vesicle nucleation (formation of the isolation membrane), vesicle expansion and completion, 
fusion with the lysosome, retrieval of recycled autophagy proteins and concluded by degradation 
of cargo (Figure 1.1) (reviewed in (MIZUSHIMA 2007; MELENDEZ AND NEUFELD 2008)). The 
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digested materials are released into the cytosol and reused (reviewed in (APPELQVIST et al. 
2013)). 
 
 Although autophagy was initially identified in mammals over 60 years ago, the molecular 
mechanisms have only been characterized in the past two decades. Studies in yeast have 
identified and elucidated the function of the autophagy machinery (reviewed in (SUZUKI AND 
OHSUMI 2007)). Thus far over 30 autophagy-related (ATG) genes have been identified in S. 
cerevisiae, and orthologs in higher eukaryotes exist for most (MELENDEZ et al. 2003; OHSUMI 
2014). Autophagy proteins form elaborate complexes to achieve the highly choreographed 
process of autophagy. 
 
Atg1 kinase complex 
 In yeast, canonical non-selective autophagy induction (stimulated by nutrient starvation) 
requires assembly of the Atg1-kinase pentameric complex (Atg1, Atg13, Atg17, Atg29 and 
Atg31). Upon induction, the serine/threonine protein kinase Atg1 binds hypophosphorylated 
Atg13 and is recruited to the PAS (KAMADA et al. 2000). While previously it was thought that 
induction promoted Atg1 to bind Atg13, a more recent study suggests that the two proteins may 
Figure 1.1. Steps of macroautophagy 
From (Meléndez and Neufeld, 2008). (A) Upon induction, a double membrane cup-shaped structure called the 
isolation membrane (also called phagophore) is formed. (B) The membrane expands and encapsulates cargo, forming 
the mature autophagosome. (C) The autophagosome is delivered to the lysosome where is fuses forming an 
autolysosome. The autophagosome and its cargo are degraded and recycled. 
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constitutively interact, regardless of nutrient levels, similar to their mammalian counterparts 
(KRAFT et al. 2012). Recruitment of the Atg1/Atg13 complex to the pre-autophagosomal 
structure (PAS) is dependent on the stable Atg17/Atg29/Atg31 complex, which forms an 
elongated S-shaped scaffold (CHEONG AND KLIONSKY 2008; KABEYA et al. 2009; MAO et al. 
2013). Thus, the Atg1 pentameric complex acts as a scaffold to recruit downstream Atg proteins 
to the PAS. 
 Two mammalian homologs of yeast Atg1, ULK1 and ULK2, are partially redundant in 
starvation-induced autophagy (LEE AND TOURNIER 2011). ULK1/2 form a complex with Atg13 
(a homolog of yeast Atg13) and its interacting partners FIP200 (a putative homolog of yeast 
Atg17) and ATG101 (not conserved in yeast) (HARA et al. 2008; HOSOKAWA et al. 2009a; 
HOSOKAWA et al. 2009b; MERCER et al. 2009). In C. elegans, only three members of the 
induction complex have been identified: UNC-51 serine/threonine kinase (C. elegans homolog of 
Atg1), Atg-13 (ortholog of yeast Atg13) and its interacting partner, EPG-9 (a homolog of 
mammalian ATG101) (LIANG et al. 2012). 
 Autophagy induction does not always require nutrient-poor conditions, as the Atg1 kinase 
complex is also required for selective autophagy. In the case of the cytoplasm-to-vacuole 
targeting (Cvt) pathway in yeast (akin to selective autophagy in mammals), activation of Atg1 
requires a receptor protein and Atg11, a scaffold protein (KAMBER et al. 2015). Atg1 activation 
is triggered upon Atg11 binding Atg19, a Cvt receptor (KIM et al. 2001; SCOTT et al. 2001; 
KAMBER et al. 2015). Atg11 recruits the Atg17/Atg29/31 complex via its interaction with Atg29 
(MAO et al. 2013). Atg11 is essential for selective autophagy but dispensable for non-selective 
autophagy (DELORME-AXFORD AND KLIONSKY 2015). 
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The Class III PI3K Complex 
 Vesicle nucleation or formation of the isolation membrane depends on the kinase activity 
of Vps34 (vacuolar protein sorting 34), the only phosphatidylinositide 3-kinase (PI3K), that is 
evolutionarily conserved from yeast to mammals (ENGELMAN et al. 2006). In yeast, Vps34 is 
recruited to the PAS (in an Atg14-dependent manner) to form the autophagy-specific, class III 
PI3K nucleation complex that also consists of Atg6/Vps30, Atg14, and Vps15 (KIHARA et al. 
2001; ITAKURA et al. 2008; OBARA et al. 2008a; SUN et al. 2008; OBARA AND OHSUMI 2011). 
Vps34 phosphorylates phosphatidylinositol to generate phosphatidylinositol-3-phosphate (PI3P), 
a principal phospholipid for membrane trafficking events (JABER et al. 2012). PI3P is enriched 
on the inner autophagosome membrane (OBARA et al. 2008a) and recruita  downstream WD40 
repeat protein effector, Atg18 (WIPI1/2 in mammals) (KRICK et al. 2006; OBARA AND OHSUMI 
2008).  
 The mammalian counterparts of Vps34, Vps15, Atg6/Vps30 and Atg14 have been 
identified as Vps34, p150, Beclin 1 and Atg14L/Barkor (Beclin 1 autophagy related key 
regulator), respectively (KIHARA et al. 2001; ITAKURA et al. 2008; SUN et al. 2008; MATSUNAGA 
et al. 2010). Whereas the C. elegans autophagy-specific class III PI3k includes VPS-34, BEC-1, 
EPG-8 (functional homolog of yeast Atg14) and the predicted protein kinase VPS-15 
(MELENDEZ et al. 2003; WU et al. 2007; YANG AND ZHANG 2011). 
 
Autophagosome biogenesis  
 While Atg-proteins have been studied at length, the biogenesis and membrane dynamics 
of autophagosome formation remain somewhat of an enigma (reviewed in (MARI et al. 2011; 
LAMB et al. 2013; SHIBUTANI AND YOSHIMORI 2014)). This is partially due to the unique 
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properties of autophagosomes, as they are distinct from other vesicles in trafficking pathways 
(HAMASAKI AND YOSHIMORI 2010). Typically, vesicles that originate from pre-existing 
organelles, such as the ER, Golgi, or endosomes, have a single membrane lipid bilayer with an 
average size of 100nm; however, an autophagosome is a double membrane vesicle with an 
average size that ranges from 300-900 nm in yeast and 500-1500 nm in mammals (TAKESHIGE et 
al. 1992; BABA et al. 1994; MIZUSHIMA et al. 2002; XIE AND KLIONSKY 2007; MARI et al. 2011). 
Moreover, evidence exists that the source of membrane for the autophagosome is derived from 
the ER, the trans-Golgi network, mitochondria, recycling endosomes and the plasma membrane, 
although this still remains a controversial topic (AXE et al. 2008; HAYASHI-NISHINO et al. 2009; 
GENG et al. 2010; HAILEY et al. 2010; RAVIKUMAR et al. 2010; LONGATTI et al. 2012). While the 
source of the autophagosomal membrane is debatable, electron and immunofluorescence 
microscopy in yeast, have identified the cytoplasm as the location of autophagosome formation 
(KIRISAKO et al. 1999). 
 Atg-proteins are recruited to PAS in a hierarchal manner to facilitate de novo synthesis of 
the autophagosome (SUZUKI et al. 2001; SUZUKI et al. 2007a). The formation of an 
autophagosome begins with nucleation step, resulting in the production of a cup-shaped sac, 
called the phagophore, or the isolation membrane, that arises in the cytoplasm from the PAS 
(reviewed in (SUZUKI et al. 2001; SUZUKI et al. 2007a; AXE et al. 2008; LE BARS et al. 2014; 
SHIBUTANI AND YOSHIMORI 2014). However, there is no direct evidence of a PAS equivalent in 
mammals (reviewed in (FENG et al. 2014)). In mammals, some autophagosomes have been 
shown to originate from omegasomes, extensions of the ER, enriched with the phospholipid, 
PIP3 (reviewed in (AXE et al. 2008; ROBERTS AND KTISTAKIS 2013)). In both yeast and 
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mammals, Atg9 vesicles are considered an important membrane source in the early steps of 
autophagosome formation.   
 
The Atg18-Atg2 complex and Atg9 vesicles 
 The accumulation of PIP3 recruits the Atg18-Atg2 complex (WIPI complex in mammals) 
that shuttles Atg9 vesicles to and from the PAS (SUZUKI et al. 2007b; OBARA et al. 2008b). Atg9 
is the only transmembrane protein essential for autophagosome biogenesis and is regulated by 
the kinase activity of Atg1 (NODA et al. 2000; YOUNG et al. 2006; PAPINSKI et al. 2014). Under 
starvation conditions, Atg9 vesicles are formed de novo in the Golgi apparatus in an Atg23 and 
Atg27 dependent-manner (YAMAMOTO et al. 2012). Atg9 is embedded in the outer membrane of 
the isolation membrane, in addition to the mature autophagosome (YAMAMOTO et al. 2012). 
Atg9 vesicles supply some of the lipid bilayer to the developing phagophore and are recycled 
after autophagosome formation, at the fusion step (YAMAMOTO et al. 2012).  
 Mammalian Atg9 (mAtg9) is localized to the trans Golgi network and endosomes during 
starvation induced autophagy and co-localizes with LC3 on the autophagosome (YOUNG et al. 
2006). In contrast to studies in yeast however, mAtg9 structures were shown to interact with the 
developing phagophore and mature autophagosome without being incorporated into them (ORSI 
et al. 2012). Interestingly, both mammals and C. elegans have two homologs of the yeast PIP3 
WD40 repeat effector Atg18, WIPI1/2 in mammals and ATG-18/EPG-6 in C. elegans (LU et al. 
2011).  In C. elegans, both ATG-18 and EPG-6 are required for functional autophagy (LU et al. 
2011). EPG-6 was shown to directly interact with ATG-2 (LU et al. 2011). 
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The Atg12 and Atg8 conjugation systems 
  As the membrane expands, cargo is encapsulated and the membrane is sealed to form the 
mature double membrane autophagosome. Expansion of the autophagosomal membrane into a 
mature autophagosome involves two ubiquitin-like conjugation pathways, both utilizing an E1-
like activating enzyme, Atg7 (ICHIMURA et al. 2000; HONG et al. 2011). In the first reaction, 
Atg12 is conjugated to Atg5 by the concerted actions of Atg7, Atg10 (E2-like enzyme) and Atg5 
(E3-like enzyme) (MIZUSHIMA et al. 1998a; MIZUSHIMA et al. 1998b; SHINTANI et al. 1999). The 
Atg12/Atg5 conjugate then non-covalently interacts with Atg16 (ATG16L in mammals) 
(MIZUSHIMA et al. 1999; OTOMO et al. 2013). The Atg12/Atg5/Atg16 complex exhibits ubiquitin 
protein ligase (E3)-like activity and assists the second ‘lipidation’ reaction (HANADA et al. 2007). 
  First, pre-Atg8 (LC3 in mammals) is cleaved by a cysteine protease Atg4, removing a 
terminal C-terminal arginine, producing Atg8 (LC3I in mammals) (KIRISAKO et al. 2000). Atg8 
is then activated by Atg7 and transferred to Atg3, another E2-like enzyme (ICHIMURA et al. 
2000; HONG et al. 2011; NODA et al. 2011). Finally, the Atg12/Atg5/Atg16 complex conjugates 
Atg8 to phosphatidylethanolamine (PE), forming Atg8-PE (LC3II in mammals) (ICHIMURA et al. 
2000; HANADA et al. 2007). Once the autophagosome is complete, PE is cleaved from the outer 
membrane (KIRISAKO et al. 2000; NAIR et al. 2012). Members of the Atg12 and Atg8 
conjugation system are well conserved (both in structure and function) in mammals and in C. 
elegans (see Table 1). Interestingly, two C. elegans homologs of Atg8 have been identified, 
LGG-1 and LGG-2, LGG-2 is more closely related to Atg8/LC3. LGG-1 and LGG-2 appear to 
have differential function due to differences in their N-terminal tails (ALBERTI et al. 2010). In 
short, the Atg12/Atg8 conjugation systems are essential for autophagosome expansion and 
completion. 
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 The mature double-membrane autophagosome is delivered to a lysosome, where it will 
fuse to form a single membrane autolysosome. During certain circumstances (e.g. starvation), a 
mature double-membrane autophagosome may fuse with a late endosome first, to form an 
amphisome. The amphisome will later fuse with a lysosome (BERG et al. 1998; FADER AND 
COLOMBO 2009; HYTTINEN et al. 2013).  
 The Rab family proteins and related small GTPases play an important role in the 
maturation, transport and fusion of endosomes (vesicles in endocytosis) and autophagosomes to 
the lysosome (JAGER et al. 2004; AGOLA et al. 2012). Rab proteins catalyze the conversion of 
guanosine triphosphate (GTP) to guanosine diphosphate (GDP), a molecular switch that 
regulates a broad range of intracellular activities, particularly cellular trafficking events 
(reviewed in (HYTTINEN et al. 2013)). Rab 7 is a key participant in the transport of both 
endosomes and autophagosomes to the lysosome (reviewed in (HYTTINEN et al. 2013)). 
Moreover, Rab7, along with the soluble N-ethylmaleimide–sensitive factor attachment protein 
receptor (SNARE) proteins play a critical role in fusion of endosomes and autophagosomes to 
the lysosome (ISHIHARA et al. 2001; JAGER et al. 2004).  
 Vesicle degradation occurs in the acidified lumen by lysosomal or vacuolar hydrolases 
(reviewed in (MIZUSHIMA 2007; HE AND KLIONSKY 2009)). While not much is known about the 
degradation step, Atg15 is a putative lipase required for degradation of autophagic bodies (EPPLE 
et al. 2001; TETER et al. 2001; MAEDA et al. 2015). Atg22, an amino acid permease, aids in 
removal of amino acids across the vacuolar membrane (YANG et al. 2006). Degradation and 
recycling of the cargo is crucial for starvation-induced non-selective autophagy. 
 
Selective autophagy  
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 Selective autophagy plays a crucial role in intracellular homeostasis by contributing to 
degradation of dysfunctional organelles, protein aggregates and invading pathogens. In order for 
the selective uptake of cytoplasmic materials, the autophagy machinery must recognize and 
sequester specific cargo. Moreover, non-cargo must be excluded. Therefore selective autophagy 
requires cargo adaptor proteins that tether destined materials to a developing autophagosome 
(FIMIA et al. 2013; ZAFFAGNINI AND MARTENS 2016). As mentioned previously, in yeast, the Cvt 
pathway is the classic example of selective autophagy (CHANG AND HUANG 2007). As stated, 
Atg19 is the receptor for the Cvt pathway (SCOTT et al. 2001). Atg19 binds cargo and is recruited 
to the PAS through its interaction with Atg11. Atg19 subsequently interacts with Atg8 on the 
isolation membrane through a WXXL motif (NODA et al. 2008). The interaction between Atg8 
and Atg19 is essential for the engulfment of cargo by a Cvt vesicle (SHINTANI et al. 2002; SAWA-
MAKARSKA et al. 2014). However the WXXL motif is not required for non-selective autophagy. 
Notably, the WXXL motif is conserved in higher eukaryotes (NODA et al. 2008). 
 The ubiquitin-like modifier, LC3, the mammalian homolog of Atg8 has also been shown 
to interact with autophagy receptor proteins. Several autophagy adaptor receptors such as p62, 
NBR1, NDp52, VCP and optineuron have been identified (VON MUHLINEN et al. 2010; 
JOHANSEN AND LAMARK 2011; FIMIA et al. 2013). Autophagy adaptors contain two distinct 
structural domains to facilitate selective autophagy: a ubiquitin binding domain, essential for 
cargo recognition and a conserved WXXL binding motif, that interacts with LC3, as 
aforementioned. Ubiquitination is a common signal for degradation via selective autophagy, in 
addition to its role in proteosomal protein degradation (KOROLCHUK et al. 2010; KRAFT et al. 
2010). The LC3 interacting motifs (LIR) recognizes ubiquitinated cargo and facilitate the 
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selective uptake of cargo including organelles, protein aggregates and pathogens (PANKIV et al. 
2007; FADER AND COLOMBO 2009; WATERS et al. 2009; WILEMAN 2013).   
  
   1.1.4 Regulation of autophagy 
 Autophagy is tightly regulated to enable a rapid response to intracellular and extracellular 
environmental cues. Nutrient starvation is the most potent and well-characterized inducer of 
autophagy (reviewed in (KROEMER et al. 2010)). The central autophagy inhibitor target of 
rapamycin (TOR), a serine/threonine kinase, integrates sensory information from multiple 
upstream signaling pathways to control growth and metabolism (reviewed in (ROHDE et al. 2001; 
WULLSCHLEGER et al. 2006; HE AND KLIONSKY 2009; LAPLANTE AND SABATINI 2012)). When 
nutrients are abundant TOR promotes cell growth by stimulating anabolic processes (e.g. 
macromolecular synthesis) while inhibiting catabolic processes (e.g. autophagy) (reviewed in 
(HE AND KLIONSKY 2009)). Conversely, in response to metabolic cues, such as reduced levels of 
amino acids, ATP or growth factors, TOR is inhibited, consequently inducing autophagy (Figure 
1.2) (reviewed in (LAPLANTE AND SABATINI 2012; BOYA et al. 2013)).  
 TOR negatively regulates autophagy by preventing Atg complex formation. For example, 
in yeast TOR complex 1 (TORC1) inhibits the Atg1 kinase complex when nutrients are abundant 
(NODA AND OHSUMI 1998; KAMADA et al. 2010). In parallel, the cAMP-dependent protein kinase 
A (PKA) also represses autophagy induction by inhibiting the Atg1 kinase complex 
(BUDOVSKAYA et al. 2004; YORIMITSU et al. 2007; STEPHAN et al. 2009). TOR and PKA 
independently target Atg13 via phosphorylation events (STEPHAN et al. 2009). 
Hyperphosphorylation of Atg13 is thought to prevent the robust activation of autophagy under 
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starvation conditions, possibly through regulating the kinase activity of Atg1 (KAMADA et al. 
2000; KABEYA et al. 2005; KRAFT et al. 2012). 
 Mammalian TORC1 (mTORC1) regulates the induction complex via a similar, albeit 
slightly different mechanism. ULK1/2 and Atg13 are phosphorylated by mTORC1 under 
nutrient-rich conditions, thereby inhibiting induction (JUNG et al. 2009; KIM et al. 2011). Atg13 
mediates the interaction between ULK1/2 and FIP200 and is indispensible for autophagosome 
formation. Atg13 stabilizes ULK1/2, allowing ULK1/2 to phosphorylate Atg13 and FIP200 
(JUNG et al. 2009). Taken together, mTORC1 phosphorylation inhibits autophagy via targeting 
members of the induction complex. 
 
Figure 1.2. Major regulatory mechanisms of autophagy in mammals 
Adapted from (Sudharsan Periyasamy-Thandavan et al. 2009). The major signaling pathways that regulate autophagy 
under conditions of nutrient deprivation (e.g. amino acids and growth factors), metabolic stress (ATP:AMP ration) and 
endoplasmic reticulum (ER) stress or depletion are depicted. There is crosstalk between pathways that regulate 
autophagy at different steps of the pathway (see detailed discussion in text). PI3K, PI3 kinase; AMPK, AMP-
dependent protein kinase; TSC, tuberous sclerosis complex; eIf-2!, eukaryotic initiation factor-2!; InR, insulin 
receptor; RAS, rat sarcoma. 
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 Additionally, mTORC1 has also been shown to regulate the PI3KC3 complex. The 
association between Atg14L/Barkor and Beclin 1, members of the PI3KC3 complex, is essential 
for autophagosome formation (SUN et al. 2008). When nutrients are abundant, mTORC1 
phosphorylates Atg14L/Barkor at multiple sites, thereby preventing its interaction with Beclin 1 
(YUAN et al. 2013). However, upon amino acid starvation, mTORC1 is inhibited, allowing 
formation of the PI3KC3 complex, subsequent PIP3 production and induction of autophagy. 
 Amino acid and insulin growth factor (IGF) signaling converge on TOR to negatively 
regulate autophagy (NODA AND OHSUMI 1998; BUDOVSKAYA et al. 2004; YORIMITSU et al. 2007; 
STEPHAN et al. 2009; YANG et al. 2010b). TOR activity is modulated by the Class I PI3K 
complex. When insulin-like growth factors are in abundance, the PI3KC1 complex is activated, 
and in turn, generates PIP3. PIP3 activates phosphoinositide-dependent kinase 1 (PDK-1), which 
activates Akt (serine/threonine specific protein kinase), also known as protein kinase B (PKB). 
The kinase activity of Akt/PKB inactivates tuberous sclerosis complex (TSC), a negative 
regulator of mTOR (PERIYASAMY-THANDAVAN et al. 2009; HERS et al. 2011). Thus, activation 
of Akt/PKB activates mTOR and inhibits autophagy.  
 Another signaling pathway that converges on TOR is the AMP-dependent protein kinase 
(AMPK), a biosensor of energetic stress. The highly conserved AMPK (SNF1 in yeast) senses 
changes in the cytosolic ATP:AMP ratio (KAHN et al. 2005; HEDBACKER AND CARLSON 2008). 
AMPK activity can directly inhibit mTORC1 via phosphorylation of raptor (an mTOR binding 
partner) or indirectly by activation of TSC (HOYER-HANSEN AND JAATTELA 2007; MEIJER AND 
CODOGNO 2007; GWINN et al. 2008). In summary, when cellular ATP levels drop, AMPK 
inhibits mTOR, thereby activating autophagy. 
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 In yeast and mammals, starvation induced autophagy has also been shown to be regulated 
by eukaryotic initiation factor-2α (eIF-2α) signaling pathway. eIF-2α was shown to be 
phosphorylated by GCN2, the yeast eIF-2α kinase, an essential step for starvation-induced 
autophagy (TALLOCZY et al. 2002). Additionally ER stress (induced by rapamycin) activates eIF-
2α to promote autophagy. It was proposed that phosphorylation/activation of eIF-2α via protein 
kinase regulated by RNA (PKR)-like ER kinase (PERK) is necessary for increased Atg12 
mRNA expression in response to ER stress (KOUROKU et al. 2007). Moreover, ER stress 
facilitates polyglutamine-induced conversion of LC3I to LC3II (KOUROKU et al. 2007; YANG et 
al. 2013). Thus, activation of eIF-2α via nutrient-deprivation or ER stress, positively regulates 
autophapy. 
 Activation of TOR functions not only to inhibit the process of autophagy, but it also 
inhibits additional catabolic pathways including lipolysis and β-oxidation. Moreover, TOR 
activation facilitates the build up of the ubiquitous neutral lipid, triacylglyceride (TAG) via 
promoting adipogenesis and lipogenesis (reviewed in (CARON et al. 2015). Interestingly, lipids 
also play a role in the regulation of autophagy. As mentioned previously, PIP3 production (via 
phosphoinositide kinases) regulates the biogenesis and maturation of autophagosomes. 
Additionally, PE plays a critical role in stabilizing factors to the phagophore membrane. Lipids 
also contribute to membrane dynamics by affecting the properties of lipid bilayers. For example, 
the cone-shaped phosphatidic acid (PA) induces a negative curvature. Phospholipase D, a known 
regulator of autophagy, synthesizes PA (reviewed in (DALL'ARMI et al. 2013)). Taken together, 
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Chapter 1.2 Neutral Lipids 
 
   1.2.1 Structure and function of lipids droplets 
 Lipids are the fundamental building blocks of all cells, as the plasma membrane is 
composed of a phospholipid bilayer. In addition, they are key components of eukaryotic 
membrane-bound organelles, including the ER, nuclear membrane, mitochondria, lysosomes, 
trafficking vesicles, etc. (reviewed in (MURO et al. 2014)). Moreover, lipids play key roles in 
signaling as they regulate cellular processes, such as proliferation, apoptosis and metabolism 
(reviewed in (WAKELAM et al. 2007)). In addition to their role in biological membranes, the most 
well known function of lipids is their role in energy storage.   
 The ability to store metabolic energy is crucial for organismal survival, particularly when 
nutrients are limited. Metabolic energy is stored predominately in the form of TAG (reviewed in 
(THIAM et al. 2013b)). Fatty acids, the building blocks of lipids, are bulky hydrophobic 
molecules and therefore require modification to be efficiently stored in cells. Charged fatty acids 
are esterified and converted to neutral lipids as either TAG or sterol esters and packaged into 
lipid droplets for long-term storage (reviewed in (BICKEL et al. 2009; BRASAEMLE AND WOLINS 
2012)). Although once considered inert energy particles, lipid droplets are highly dynamic, 
responding to the metabolic status of the organism (reviewed in (FUJIMOTO AND PARTON 2011)). 
Fasting induces mobilization of lipid stores to supply fatty acids that are ultimately converted by 
ß-oxidation into acetyl-CoA, which feeds into the Krebs Cycle (GROSCOLAS AND HERZBERG 
1997). Hence, it is no surprise that lipid droplets physically interact with several organelles 
including mitochondria and peroxisomes, both serving as major sites of ß-oxidation (reviewed in 
(BINNS et al. 2006; JAGERSTROM et al. 2009)).  
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 Lipid droplets—ubiquitous intracellular lipid reservoirs—are composed of a core of 
neutral lipids surrounded by an unusual phospholipid monolayer with a unique fatty acid 
composition (TAUCHI-SATO et al. 2002). Compared to lipid bilayer membranes, such as the ER, 
lipid droplet monolayers have more phosphatidylcholine and less free cholesterol (TAUCHI-SATO 
et al. 2002). PC prevents the formation of large lipid droplets that are resistant to lipolysis by 
acting as a surfactant to prevent lipid droplets from coalescing (KRAHMER et al. 2011). 
Additionally, lipid droplet monolayers contain PE, and phophatidylinositol, but are deficient in 
sphingomyelin, phosphatidylserine (PS) and phosphatidic acid (PA) (BARTZ et al. 2007). PA and 
PS enhance negative membrane curvature (KOOIJMAN et al. 2003; XU et al. 2013). The 
phospholipid monolayer of lipid droplets is coated with several proteins, that have been 
extensively studied over the past decade (BRASAEMLE AND WOLINS 2012).  
 Lipid droplet-localized proteins provide structural support, in addition to serving many 
biochemical functions including lipid synthesis, breakdown, and trafficking (WOLINS et al. 2006; 
BARTZ et al. 2007; FUJIMOTO AND PARTON 2011). The PAT family of proteins, named after 
perilipin, adipose differentiation-related protein (ADRP), and tail interacting protein of 47 kDa 
(TIP47), together with S3-12 and OXPAT/MLDP/LSDP5, share structural similarity and an 
affinity for neutral lipid droplets and were renamed PLIN1-5 respectively (WOLINS et al. 2003; 
HICKENBOTTOM et al. 2004; KIMMEL et al. 2010). To add another layer of complexity, PLINs 
have different preferences for lipid droplets, tissue distribution and differentially regulate lipid 
metabolism (KHOR et al. 2013). 
 
   1.2.2 Lipid droplet synthesis 
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 Although the molecular details remain to be elucidated, de novo synthesis of lipid 
droplets is thought to occur predominately in the endoplasmic reticulum (ER), coupled with the 
synthesis of neutral lipids (WEISS et al. 1960; STURLEY AND HUSSAIN 2012; THIAM et al. 2013b; 
POL et al. 2014). Lipid droplet formation is a coordinated event that requires: (1) activation of 
fatty acids, (2) synthesis of neutral lipids, (3) remodeling and synthesis of new phospholipids and 
(4) binding of lipid droplet-associated proteins. 
 Fatty acid synthesis occurs in the cytosol from carbohydrates in a series of complex 
reactions (VOET et al. 2006). In one pathway, acetyl-CoA is converted to malonyl-CoA and then 
elongated by fatty acid synthase to palmitic acid (VOET et al. 2006; WANG 2016). In mammals, 
over ten long or very long chain acyl-CoA synthetases have been identified (WATKINS et al. 
2007). Importantly, all of these enzymes activate the fatty acids oleate and palmitate, preferred 
substrates for TAG synthesis (SHI et al. 2013). Acyl-CoA synthetases appear to play additional 
roles in lipid droplet biogenesis (KASSAN et al. 2013; POL et al. 2014). Some acyl-CoA proteins 
transport fatty acids, while others affect the uptake of fatty acids, (DOEGE AND STAHL 2006; 
FULLEKRUG et al. 2012).   
 Fatty acids are not chemically reactive, thus in order to be converted to TAG, they must 
first be activated and esterified to acyl-CoA, by acyl-CoA synthetases (ELLIS et al. 2010). Fatty 
acids are activated on the ER or outer mitochondrial membrane where acyl-CoA synthetases are 
localized, in an ATP-dependent manner (BLACK AND DIRUSSO 2007; ELLIS et al. 2010). Once 
fatty acids are activated into an acyl-CoA, de novo synthesis of TAG can occur.  
 In a series of four reactions, members of the glycerol-3-phosphate O-acyltransferase 
(GPAT), 1 acylglycerol-3-phosphate O-acyltransferase (AGPAT), phosphatidic acid phosphatase 
(PAP) and acyl–CoA diacylglycerol acyltransferase (DGAT) enzymes catalyze the production of 
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TAG (MURPHY AND VANCE 1999; POL et al. 2014). Often times TAG synthesis begins with PA 
or DAG, key intermediates of lipid synthesis pathways (ATHENSTAEDT AND DAUM 1999; 
KOHLWEIN 2010). DGAT, an ER localized enzyme, promotes the final step resulting in the 
esterification of DAG to TAG (MURPHY AND VANCE 1999; POL et al. 2014). TAG synthesis 
pathways are highly complex and different mechanisms have been proposed (POL et al. 2014). 
 Phospholipid remodeling and synthesis occur at the ER membrane. PC is the major 
phospholipid in the monolayer of lipid droplet membranes. As mentioned, PC is crucial for 
preventing lipid droplets from coalescing (FEI et al. 2011; THIAM et al. 2013a). PC can be 
synthesized de novo by the Kennedy pathway (GIBELLINI AND SMITH 2010). Alternatively PC 
can be generated at the lipid droplet from lyso-PC and acyl-CoA in the Lands cycle, requiring 
lyso-PC transferase (LPCAT) 1 and 2 (MOESSINGER et al. 2011).  
 As neutral lipids accumulate between two layers of the ER membrane, a lens is formed. 
The lens begins to bulge in the direction of the cytoplasm. DAG is required to provide membrane 
curvature and lens formation (THIAM et al. 2013b; WANG 2016). The enzyme phosphatidate 
phosphohydrolase (PAP), converts PA to DAG in the ER (WANG 2016). As the lens continues to 
bulge from the ER, pre-lipid droplets form and contain acyl-coA synthase, ACSL3 (WANG 2016). 
In addition, PLIN3 is also a marker for site of lipid droplet biogenesis (BULANKINA et al. 2009; 
SKINNER et al. 2009). Eventually, the lens begins to bud off into the cytoplasm, to form an 
independent lipid droplet (MURPHY AND VANCE 1999; WOLINS et al. 2006).  
 However due to limitations in light microscopy, resolving the close association between 
the ER and lipid droplets has limited our understanding of the molecular details of lipid synthesis. 
Moreover, the activity and specificity of lipid synthesizing enzymes is context dependent. 
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Interestingly, many enzymes important in lipid metabolism may be differentially regulated and 
their substrates may vary (WANG 2016).  
 
   1.2.3 Neutral lipid lipolysis 
 Classical lipolysis refers to the breakdown of TAG to 3 FAs and glycerol, by cytosolic 
lipases and occurs in 3 sequential steps, each liberating a fatty acid. ATGL catalyzes the first step 
of TAG hydrolysis, producing DAG and releasing one free fatty acid (VILLENA et al. 2004; 
ZIMMERMANN et al. 2004). Hormone-sensitive lipase (HSL) is the rate-limiting step for the 
catabolism of DAG to monoacylglycerol (MAG) (VAUGHAN et al. 1964; HAEMMERLE et al. 
2002). Monoglyceride lipase is responsible for the hydrolysis of MAG, releasing the final fatty 
acid and glycerol as a byproduct (VAUGHAN et al. 1964; TASCHLER et al. 2011). In adipose tissue 
ATGL and HSL are responsible over 95% of TAG hydrolysis (SCHWEIGER et al. 2006). Our 
studies focused on ATGL, thus a further description is provided below.  
 
 1.2.4 Adipose triglyceride lipase  
 ATGL was the most recently identified enzyme of the catalytic trio, which preferentially 
catalyzes TAG (ZIMMERMANN et al. 2004). The enzymatic activity of ATGL is contained within 
its N-terminal patatin-like phospholipase domain, while the C-terminus includes a hydrophobic 
stretch that confers substrate binding (SCHWEIGER et al. 2008; DUNCAN et al. 2010; LASS et al. 
2011). In mammals, ATGL mRNA is expressed in almost all tissues and is highly expressed in 
adipose tissue (VILLENA et al. 2004; ZIMMERMANN et al. 2004). ATGL orthologs exist in almost 
all eukaryotic species (ZECHNER et al. 2012).  
 
	   24	  
 1.2.5 Regulation of adipose triglyceride lipase 
 ATGL is highly regulated at both the transcriptional and post-translational levels (LASS et 
al. 2011). Transcriptional regulation of ATGL involves a number of players. ATGL mRNA is 
reduced in response to feeding, insulin, mTOR, and TNF-alpha (KRALISCH et al. 2005; 
KERSHAW et al. 2006; CHAKRABARTI et al. 2010). Conversely, ATGL mRNA expression is 
highly elevated during fasting, adipogenesis and via hormonal regulation (VILLENA et al. 2004; 
KRALISCH et al. 2005; KERSHAW et al. 2006; FESTUCCIA et al. 2009). However, it must be noted 
that ATGL mRNA levels do not always correlate with cellular lipase activity (KRALISCH et al. 
2005). The inconsistency between ATGL mRNA expression and activity is likely due the 
extensive posttranslational regulation of ATGL, this will be discussed further below (ZECHNER et 
al. 2012).  
 ATGL, like many enzymes, requires a co-activator, comparative gene identification-58 
(CGI-58) for efficient function (LASS et al. 2011). CGI-58 was identified in a screen to find 
orthologs between C. elegans and humans (LEE et al. 2014). The mechanism by which CGI-58 
increases the hydrolytic activity remains to be elucidated. Both the binding of CGI-58 to ATGL, 
and the interaction with the lipid droplet, are necessary, but not sufficient to drive lipolysis 
(GRUBER et al. 2010; LASS et al. 2011) Gruber et al., 2010). The C. elegans homolog of CGI-58, 
lipid droplet protein 1 (LID-1) is constitutively localized to LDs, interacts with ATGL-1 and is 
required for its function (LEE et al. 2014). 
   The perilipin family of coat proteins, in addition to providing a structural role, also 
regulate lipid metabolism. PLIN1 regulates lipolysis by sequestering CGI-58 from the lipid 
droplet (SUBRAMANIAN et al. 2004; GRANNEMAN et al. 2007; GRANNEMAN et al. 2009). Upon β-
adrenergic stimulation, PKA phosphorylates PLIN1, promoting the release of CGI-58 (MIYOSHI 
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et al. 2007; GRANNEMAN et al. 2009). During fasting conditions PLIN5 has been shown to 
recruit ATGL via direct interaction with its coactivator CGI-58 (GRANNEMAN et al. 2011).  
 A peptide inhibitor or ATGL was recently discovered (YANG et al. 2010a). The protein 
was identified to act at the G0 to G1 transition in the cell cycle of blood mononuclear cells and 
was therefore named, G0G1 switch protein 2 (GOS2). G0S2 is found in many tissues but has 
elevated expression in adipose and liver tissue. Moreover, G0S2 localizes to several organelles 
including lipid droplets, mitochondria and ER (reviewed in (ZECHNER et al. 2012)).  
 The murine ATGL enzyme is phosphorylated by AMPK at serine 406, increasing 
lipolysis (AHMADIAN et al. 2011). Conversely, in C. elegans, AMPK phosphorylation inhibits 
ATGL to prolong survival of long-lived dauer larvae (NARBONNE AND ROY 2009). AMPK 
phosphorylates ATGL at multiple serine residues (NARBONNE AND ROY 2009). AMPK 
phosphorylation produces 14-3-3 binding sites on ATGL, which are recognized by PAR-5, the C. 
elegans ortholog of 14-3-3. Interaction between PAR-5 and ATGL displaces ATGL from the 
lipid droplet and leads to the proteosomal degradation of ATGL (XIE AND ROY 2015)..  
 More recently, post-translational regulation of the ATGL levels, have been identified. 
The autophagosome marker LC3 was identified as a regulator of ATGL activity (MARTINEZ-
LOPEZ et al. 2016). Interestingly, ATGL contains multiple LC3-interacting (LIR) motifs, 
indicating that the autophagy machinery interacts with cytosolic lipases (MARTINEZ-LOPEZ et al. 
2016). A mutation of a single LIR motif in ATGL displaces it from the lipid droplet and prevents 
lipolysis (MARTINEZ-LOPEZ et al. 2016). In summary, the regulation of ATGL mRNA expression 
and enzyme activity is complex (LASS et al. 2011). 
 
1.3 Autophagy and lipid metabolism 
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 Lipophagy is an evolutionarily conserved process as it has subsequently been reported in, 
S. cerevisiae, C. elegans, and even in particular fungal species (LAPIERRE et al. 2011a; NGUYEN 
et al. 2011; LAPIERRE et al. 2013a; O'ROURKE AND RUVKUN 2013; VAN ZUTPHEN et al. 2014). 
Until recently, lipid droplet catabolism was thought to occur solely through the action of 
cytosolic lipases. However, in 2009, Singh and colleagues demonstrated that autophagy is an 
alternative route to mobilize lipid stores in mammals in a process called lipophagy (SINGH et al. 
2009a). Using both a pharmacological and a genetic approach in hepatocytes, it was reported that 
inhibition of autophagy increases neutral lipid storage during normal growth conditions and in 
oleate-supplemented cells (to stimulate lipid droplet production). Treatment of hepatocytes with 
3-methyladenine (3MA)—an inhibitor of PI3K and thus, potent inhibitor of autophagy— 
resulted in a significant increase in TAG levels. Similarly, knockdown of Atg5 also showed 
increased TAG content. Moreover, hepatocytes treated with oleate, demonstrated an even further 
increase of TAG content, upon treatment with 3MA or knockdown of Atg5 (SINGH et al. 2009a). 
Importantly, quantification of absolute lipid content and lipid droplet size was measured via 
multiple methods: biochemically, via Oil-Red-O staining (fixed cells), in vivo with BODIPY 
593/603, and electron micrographs corroborated these results.  
 To determine the mechanism by which autophagy increased lipid content, lipid synthesis 
and the level of β-oxidation were measured in both normal growth conditions and cells treated 
with oleate. As expected, oleate-treated cells showed an in increase in lipid synthesis. However, 
knockdown of Atg5 did not affect overall TAG synthesis, indicating that autophagy does not 
alter lipid anabolism. Instead, β-oxidation levels were significantly reduced in siAtg5 hepatocytes 
when compared to the control, demonstrating that autophagy is required for lipid breakdown 
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(SINGH et al. 2009a). In further support of this, lipid droplets stained with BODIPY, co-localized 
with the autophagy marker LC3 or the lysosomal marker LAMP1 (SINGH et al. 2009a). Electron 
micrographs confirmed the selective autophagic engulfment of lipid droplets during both lipid-
stimulating conditions and during starvation conditions (from prolonged serum removal). 
Additionally, the autophagy machinery was shown to localize to lipid droplets during starvation 
conditions (SINGH et al. 2009a). The autophagy-dependent turnover of lipid droplets termed 
lipophagy, occurs in a variety of cell types in mammals, including hepatocytes, neurons, 
macrophage foam cells, and even in prostate cancer cells (SINGH et al. 2009a; OUIMET et al. 
2011; KAINI et al. 2012). 	  
 Interestingly, autophagy was also shown to coordinate and regulate lipophagy and 
lipolysis via a neuronal mechanism. In mice, cold-induced autophagy in proopiomelanocortin 
(POMC) neurons (hypothalamus) activates lipophagy in brown adipose tissue and the liver 
(MARTINEZ-LOPEZ et al. 2016). Unexpectedly, this study also determined that the autophagy 
machinery, specifically LC3 interacts with lipases at the lipid droplet surface (MARTINEZ-LOPEZ 
et al. 2016). As mentioned previously, ATGL contains multiple LIR motifs. Additionally, HSL 
also contains LIR motifs. Both proteins were shown to co-immunoprecipitate with LC3-II in 
brown adipose tissue and liver lipid droplet fractions (MARTINEZ-LOPEZ et al. 2016). Moreover, 
ATGL is recruited to the lipid droplet via its interaction with LC3 as previously mentioned. 
Finally, it was also concluded that both lipophagy and lipase activity contribute the mobilization 
and breakdown of lipids, in response to cold-induced autophagy.	  
 In contrast, autophagy also contributes to anabolic processes in lipid metabolism. The 
loss of Atg7 in 3T3L1 preadipocytes resulted in impaired adipocyte differentiation and caused 
reduced levels of triacylglycerol (TAG) (SHIBATA et al. 2009; SINGH et al. 2009b). In mice, 
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adipocyte-specific knockout of Atg7 prevented the accumulation of TAG in both adipose and 
non-adipose tissue, resulting in lean animals with enhanced insulin sensitivity (SINGH et al. 
2009b). 	  
 Recent studies in both flies and mammals implicate autophagy genes in the regulation of 
lipid droplet size. In D. melanogaster, the fat body (lipid storage organ) is a dynamic tissue 
involved in several metabolic activities (ARRESE AND SOULAGES 2010). In the Drosophila fat 
body, impaired autophagy regulates lipid droplet formation in Rab32 mutants (WANG et al. 
2012). Rab32 is known to localize to lysosomes and lysosome related organelles (LRO) and is 
involved in intracellular membrane trafficking (WASMEIER et al. 2006; WANG et al. 2012). 
Similarly, tissue-specific knockdown of Atg1 (unc-51 in C. elegans), or Atg6 (bec-1 in C. 
elegans), also led to smaller lipid droplets in the Drosophila fat body. This is very interesting 
since recent reports in mice demonstrate that mutations in Atg2 homologues (Atg2A and Atg2B) 
increase lipid droplet size (VELIKKAKATH et al. 2012). Similarly in C. elegans, autophagy gene 
activity is required to accumulate neutral lipids during development (LAPIERRE et al. 2013b). 
These data reveal a complex role for autophagy in the maintenance of lipid-homeostasis. 
Therefore, in vivo, genetic studies are necessary to elucidate the intricate relationship between 
autophagy and lipid metabolism.	  
 
1.4 Autophagy and mitochondrial quality control 
 
   1.4.1 Mitochondrial function 
 Mitochondria are commonly known for their function in efficient O2-dependent ATP 
production. These highly compartmentalized organelles provide an ideal microenvironment for 
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several metabolic processes. Multiple biochemical pathways including β-oxidation, the citric 
acid cycle, and oxidative phosphorylation, contribute to ATP production, providing energy to 
fuel cellular activities. Mitochondria are divided into four compartments, the outer mitochondrial 
membrane (OMM), intermembrane space (IMS), inner mitochondrial membrane (IMM) and the 
matrix, characterized by inner folds called cristae. Mitochondrial β-oxidation generates acetyl-
CoA that can feed into the citric acid cycle. Oxidation of acetyl CoA in the citric acid cycle 
reduces NAD+ to NADH (an electron carrier) and produces carbon dioxide as a byproduct. 
Electrons are then transferred electron carriers to the electron transport chain for oxidative 
phosphorylation (HOUTEN AND WANDERS 2010). In addition to their role in catabolism, 
mitochondria also play a crucial role in many biosynthetic pathways. For example, the β-
oxidation of fatty acids provides carbon precursors for the synthesis of biomolecules including 
amino acids and fatty acids. Additionally mitochondria contribute to steroidogenesis, 
phospholipid synthesis (e.g. phosphatidylethanolamine) and heme metabolism (AJIOKA et al. 
2006; TAMURA et al. 2012; MILLER 2013). Moreover, mitochondria play a vital role in cellular 
stress response and cell signaling (TAIT AND GREEN 2012). For example, many cell death stimuli 
converge on mitochondria to initiate apoptosis (BRAS et al. 2005; WOJTCZAK AND ZABLOCKI 
2008). Therefore, mitochondrial function and maintenance is imperative for metabolic and 
overall organismal homeostasis. Consequently, mitochondrial dysfunction in humans is 
associated with several pathologies including cardiovascular disease, neurodegeneration, cancer 
and aging (WOJTCZAK AND ZABLOCKI 2008; ARCHER 2013; BRATIC AND LARSSON 2013). 
 
 1.4.1 Mitochondrial dynamics 
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 Mitochondria are highly dynamic organelles that oscillate their size, shape, number, and 
distribution, between fusion and fission states, in response to metabolic cues (MISHRA AND CHAN 
2016; WAI AND LANGER 2016). Mitochondrial dynamics are also important for the interaction of 
mitochondria with other organelles (e.g. the endoplasmic reticulum) and to maintain its own 
integrity (ARCHER 2013). The plasticity of mitochondria enables the response to the bioenergetic 
needs of the cell and therefore contributes to a variety of cellular activities (WESTERMANN 2012). 
For example, during periods of high energy demand—such as during the G1-S transition in the 
cell cycle—mitochondrial fusion allows the formation of extensive networks, thus pooling 
resources necessary to ramp up ATP production (MANDAL et al. 2005; MITRA et al. 2009). 
Mitochondrial fission is activated during cell division (MISHRA AND CHAN 2014). Mitochondrial 
fusion is a protective mechanism to avoid autophagic degradation, whereas mitochondrial fission 
permits the removal of depolarized or damaged mitochondria by autophagy (TWIG et al. 2008). 
When mitochondria divide, they are segregated into one polarized (healthy) and one depolarized 
(unhealthy) mitochondria. Excessive mitochondrial fission or a lack of fusion can have 
detrimental effects on the mitochondrial network, resulting in loss of mitochondrial DNA, 
respiratory defects, and increased ROS production (YAFFE 1999). Thus, mitochondrial plasticity 
functions as a quality control mechanism, for preserving mitochondrial function and homeostasis.  
 The plasticity of mitochondria results from the activity of a family of dynamin-related 
GTPases (PRAEFCKE AND MCMAHON 2004). Genetic studies, in Drosophila melanogaster and 
Saccharomyces cerevisiae, have identified many components of the elaborate fusion and fission 
machinery (ROLLAND et al. 2009). Mitochondrial fusion occurs in two sequential steps, 
beginning with fusion of the OMM, followed by fusion of the IMM. Both yeast and fly OMM 
fusion is controlled by Fzo1p and Fzo, respectively (HALES AND FULLER 1997). In mammals, 
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OMM fusion events are controlled by the two mito-fusion proteins, Mnf1 and Mnf2 (CHEN et al. 
2003). Conversely, IMM fusion events are controlled by the GTPase Mgm1 in yeast and Opa1 in 
mammals (SESAKI et al. 2003; MISAKA et al. 2006). More recent studies have demonstrated a 
conserved role of Fzo1/Mfn1,2 homologue, FZO-1, and Mgm1/Opa1 homologue, EAT-3, in 
mitochondrial fusion in C. elegans (ROLLAND et al. 2009).  
Mitochondrial fission is controlled by a dynamin family protein, which was discovered in 
yeast, Dnm1 (Drp1 in mammals and DRP-1 in C. elegans) (BLEAZARD et al. 1999; LABROUSSE 
et al. 1999; SMIRNOVA et al. 2001). Dnm1 is recruited from the cytosol to the mitochondria, 
where it interacts with Fis1p, an integral OMM protein (MOZDY et al. 2000). The GTPase 
activity of Dnm1 constricts the OMM and acts as molecular scissors to sever the OMM 
(LABROUSSE et al. 1999; VAN DER BLIEK et al. 2013).   
 
 1.52 Autophagy and mitochondrial homeostasis 
 Autophagy is intricately linked to mitochondrial quality control. The selected degradation 
of mitochondria by autophagy, or mitophagy, is preceded by mitochondrial fission, to reduce the 
size of mitochondria to facilitate engulfment by the isolation membrane (MURAKAWA et al. 
2015). The degradation of mitochondria by autophagy was first identified in rat hepatocytes 
(DING AND YIN 2012). However, the molecular machinery of mitophagy has only recently been 
elucidated. Atg32, a mitochondrial receptor for autophagy was first identified in yeast (KANKI et 
al. 2009). Atg32 interacts with Atg8 through a tetrapeptide sequence WQAI in its cytoplasmic 
domain. Additionally Atg32 also binds Atg11, a cargo receptor for selective autophagy 
(YORIMITSU AND KLIONSKY 2005). While there is not an Atg32 homologue in C. elegans, a 
mammalian homologue has recently been identified, Bcl2-like protein 13 (Bcl2-L-13).   
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 In mammals, there is Parkin-dependent and Parkin-independent mitophagy. Parkin-
independent autophagy relies on a Bcl2-L-13. Interestingly, Bcl2-L-13 was shown to compensate 
for Atg32 deficiency in yeast (MURAKAWA et al. 2015). Bcl2-L-13 is an OMM protein that binds 
LC3 (homolog of yeast Atg8) through a LIR (WXXL) motif, and this interaction facilitates 
mitophagy (MURAKAWA et al. 2015). Bcl2-L-13 contains a BH domain that promotes 
mitochondrial fragmentation, even in the absence of Drp1 (MURAKAWA et al. 2015). 
Interestingly, Bcl2-L-13 induces mitophagy in a Parkin-independent manner and does not require 
ubiquitination (MURAKAWA et al. 2015). To date, no Atg11 homologue has been identified in 
mammals (MIZUSHIMA et al. 2011). It has been proposed that Bcl2-L-13 may act as a scaffold 
protein, similar to the function of Atg11 in yeast (MURAKAWA et al. 2015).  
 Parkin-dependent autophagy is better characterized in mammals. Following 
mitochondrial depolarization, a serine/threonine kinase, phosphatase and tensin homolog-
induced putative kinase protein 1 (PINK1), is translocated from the inner to the outer 
mitochondrial membrane (JIN et al. 2010; NARENDRA et al. 2010b; KONDAPALLI et al. 2012). 
PINK1, in turn, phosphorylates ubiquitin at Ser65, to activate the Parkin E3 ligase (SHIMURA et 
al. 2000; KANE et al. 2014; KAZLAUSKAITE et al. 2014; KOYANO et al. 2014). Parkin, along with 
the combined effort of E1 and E2 enzymes, catalyzes the attachment of ubiquitin to protein 
substrates (ZHANG et al. 2000; MOORE 2006). Parkin induces the polyubiquitination of 
mitochondrial substrates including the mitochondrial fusion factors, Mfn1, Mfn2 and the 
voltage-dependent anion channel, VDAC1 (GEGG et al. 2010; GEISLER et al. 2010; GLAUSER et 
al. 2011). The ubiquitinated mitochondria are subsequently recognized by the autophagy 
receptor p62, to promote clustering of the impaired organelles in preparation for mitophagy 
(DING et al. 2010; NARENDRA et al. 2010a; OKATSU et al. 2010). The interaction between LC3 
	   33	  
and autophagy adaptors including p62 and NBR1, facilitate Parkin-dependent mitophagy. In 
mammals, mutations in PINK1 and Parkin have been shown to result in the early onset of 
Parkinson’s disease, which suggests that mitophagy and overall mitochondrial homeostasis may 
play a role in the pathogenesis of the disease (CLARK et al. 2006; MARDER et al. 2010). 
 
 1.5 C. elegans as a model organism 
 
 1.5.1 Advantages of using C. elegans as a model organism 
 C. elegans is a microscopic free-living, multicellular eukaryote that has become an ideal 
model system to elucidate basic biological phenomena at the cellular level, in the context of a 
whole animal. The nematode offers several advantages: it is easy and economical to culture, can 
be frozen for long-term storage and is safe to use in a laboratory setting (RIDDLE 1978).  The 
rapid life cycle, large brood size and short lifespan make worms an ideal animal to study aging 
(HERTWECK et al. 2003; OLSEN et al. 2006). Additionally, the transparent cuticle facilitates the 
visualization and tracking of development, morphogenesis and behavior (BRENNER 1973; 
RIDDLE AND ALBERT 1997). Moreover, the use of fluorescently labeled mRNA, proteins, and 
organelles, allows for the real-time visualization of various cellular processes (CHALFIE et al. 
1994). One of the greatest advantages of using C. elegans is the ability to inhibit gene function 
using RNA interference (RNAi) by feeding worms bacteria expressing double stranded RNA that 
can target a particular gene (FIRE et al. 1998; TIMMONS AND FIRE 1998). Moreover, RNAi 
provides a facile and efficient method for reverse genetic analysis (BARGMANN 2001).  
 
 1.5.2 C. elegans as a model organism to study lipid biology 
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 C. elegans is an ideal model to study the interrelationship between autophagy and lipid 
metabolism. One major advantage is that we are able to study the tissue-specific role of 
autophagy gene function on lipid metabolism in a whole organism. Nematodes contain abundant 
lipid droplets in the intestinal and epidermal tissue where many aspects of lipid storage 
regulation appear to be conserved (ASHRAFI et al. 2003; NARBONNE AND ROY 2009). C. elegans 
lipid droplets are much smaller than their mammalian counterparts, typically ranging from 1-1.5 
µm, whereas lipid droplets in adipose tissue can expand to 100 µm (SUZUKI et al. 2011; SHI et al. 
2013). Many lipid droplet-localized proteins in C. elegans have been recently characterized. For 
example, the C. elegans orthologs of mammalian FATP1 (fatty acid transporter) and DGAT 
(diacylglycerol acyltransferase) were identified as regulators of lipid droplet expansion (XU et al. 
2012). During fasting, the lipase C. elegans ATGL homolog (ATGL-1) acAcumulates on lipid 
droplets along with its co-activator LID-1, homolog of CGI-58 in mammals (LEE et al. 2014). 
One major difference, however, is that nematodes are cholesterol auxotrophs and, therefore, must 
be supplied cholesterol exogenously in their diet. Consequently, the low levels of cholesterol are 
used to synthesize steroid signaling molecules and are therefore less abundant in lipid droplets 
(WARD 2003). 
   
 1.53 Techniques to study fat storage in C. elegans 
 Several techniques are employed to study lipids in C. elegans. Gas chromatography-mass 
spectrometry is the most reliable method to quantify lipids, however it requires thousands of 
animals and is time consuming. LC-MS is a reliable method to quantify overall TAG levels and 
measure individual fatty acid species. More rapid quantification of TAG content may be 
achieved using a biochemical enzymatic triglyceride assay. Neither of these methods is suitable 
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for large genetic screens designed to identify novel fat regulatory genes. As such, many dye-
labeled assays have been developed to allow rapid visualization and quantification of lipids, 
however they do not always correlate with standard biochemical studies (BROOKS et al. 2009). 
Previously used Nile Red and BODIPY-labeled fatty acids stain lysosome-related organelles 
(LROs), acidified structures distinct from lipid droplets (O'ROURKE et al. 2009). It should be 
noted, however, that BODIPY 493/503-based fat staining, combined with flow cytometry allows 
detection of individual lipid droplets, and quantification of fat content per body volume of 
individual worms (KLAPPER et al. 2011). Electron microscopy may be used to resolve relative 
lipid droplet size and physical interactions with organelles, such as the mitochondria and 
endoplasmic reticulum (JAGERSTROM et al. 2009). 
 Oil-Red-O post-fixation staining is the most reliable and facile assay to study fat storage 
in C. elegans, as it correlates with biochemical measurements (albeit the magnitude of change 
may be less pronounced) (O'ROURKE et al. 2009; YEN et al. 2010). Coherent anti-stokes Ramen 
scattering (CARS) microscopy, an in vivo, label-free approach, detects the vibrations of C-H 
bonds, and allows for the quantification of TG in a single worm (NAN et al. 2003; YEN et al. 
2010; ZHANG et al. 2010b). Furthermore, CARS imaging is able to measure lipid droplet size, 
number and even lipid-chain unsaturation of individual lipid droplets (YEN et al. 2010). In our 
studies, we use a combination of approaches to assess lipid stores in C. elegans including: label-
free CARS microscopy, lipid staining (Oil-Red-O) of whole fixed animals and an intestinal 
specific LD reporter, DHS-3::GFP. Autophagy is intimately linked to both mitochondrial 
metabolism and lipid metabolism. Thus we wanted to explore the role of autophagy in 
mitochondrial homeostasis and how it relates to lipid metabolism. 
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1.6 Thesis rationale 
 
 In the last 50 years obesity has emerged as the leading cause of metabolic disorders 
including heart disease, type II diabetes and cancer. About one third of U.S. adults and similarly 
one third of children and adolescents are obese (as reported by the CDC). The increasing 
prevalence of obesity is also correlated with rising health care costs ($147 billion in 2008 as 
reported by the CDC), reduced health span and increased mortality. Treatment of obesity has 
typically been focused on behavioral and environmental interventions, however this has failed to 
reverse the rising trends in obesity rates. Therefore, our efforts must be focused on deciphering 
the genetic and molecular underpinnings of metabolic pathways that control lipid homeostasis, to 
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2.1 Abstract 
Autophagy is a cellular catabolic process in which various cytosolic components are 
degraded. For example, autophagy can mediate lipolysis of neutral lipid droplets. In contrast, we 
here report that autophagy is required to facilitate storage of neutral lipids in C. elegans. 
Specifically, by using multiple methods to detect lipid levels including CARS microscopy, we 
observe that mutants in the gene bec-1 (Beclin 1), a key regulator of autophagy, fail to store 
substantial neutral lipids in their intestines during development. Moreover, loss of bec-1 results 
in a decline in lipid storage in daf-2 insulin/IGF-1 receptor mutants and in germline-less glp-1 
animals, both previously recognized to accumulate neutral lipids and have increased autophagy 
levels. Similarly, inhibition of additional autophagy genes, including unc-51/Ulk1 and lgg-1/LC3 
during development leads to a reduction in lipid content. Importantly, the decrease in fat 
accumulation observed in animals with reduced autophagy does not appear to be due to a change 
in food uptake or defecation. Taken together, these observations suggest a broader role for 
autophagy in lipid remodeling in C. elegans.  
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2.2 Introduction 
Energy in the form of triglycerides (TGs) is required for all metazoans to maintain 
cellular homeostasis (SRINIVASAN et al. 2008). Following nutrient starvation, a primary cellular 
response is the induction of macroautophagy, a nonselective process that degrades cellular 
components and recycles amino acids and other molecules critical for cellular survival.  At the 
same time, nutrient starvation results in the mobilization of cellular lipid stores to supply free 
lipids for energy (CZAJA 2010), thus pointing to regulatory and functional similarities between 
autophagy and lipid metabolism.  
Recent studies have demonstrated links between autophagy and lipid metabolism in 
vertebrates (SINGH et al. 2009a; SINGH et al. 2009b). Originally, degradation of lipid droplets 
was thought to take place in the cytosol by resident lipases. However, selective macroautophagy, 
referred to as lipophagy, has recently been described to be required for the delivery of lipid 
droplets for lysosomal degradation (SINGH et al. 2009a). Specifically, inhibition of autophagy in 
cultured hepatocytes, by knockdown of atg5 or inhibition of autophagy by 3-methyladenine, 
results in a significant increase in TG storage in lipid droplets. Similar results were reported 
using an in vivo mouse model, as autophagy mutant animals have fatty livers (SINGH et al. 
2009a). In contrast to the role of autophagy in hepatocytes, knockdown of atg5 or atg7 in 3T3 
preadipocytes, results in decreased levels of adipocyte differentiation factors, failure of white 
adipocytes to differentiate, and consequently an inhibition of TG accumulation in these 
undifferentiated cells (SINGH et al. 2009b). A decrease in adipose tissue mass is similarly 
observed in an in vivo mouse model containing an adipose-specific deletion of atg7 (ZHANG et al. 
2009). Therefore, autophagy can facilitate lipid breakdown in certain cell types such as the liver 
but may also enable lipid storage by affecting cell differentiation in adipose tissues. While 
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autophagy has been proposed to mediate lipolysis via a mechanism involving lipases localized to 
the autophagosome (DALL'ARMI et al. 2010; LAPIERRE et al. 2011b) or the lysosome (CZAJA AND 
CUERVO 2009), the link between autophagy and lipid storage has so far only been described to 
occur with cell differentiation.  
The genetics of lipid storage has recently become an area of intense study in the 
nematode Caenorhabditis elegans (WATTS AND BROWSE 2002; ASHRAFI et al. 2003; MCKAY et 
al. 2003). Recent studies indicate that modulating lipid metabolism is crucial for long-term 
survival in C. elegans (NARBONNE AND ROY 2009; SHMOOKLER REIS et al. 2011). Worms do not 
have a specialized tissue to store fat, however the intestine and the hypodermis (epidermis) are 
both tissues where many aspects of the regulation of lipid storage appear to be conserved 
(ASHRAFI et al. 2003). Young larvae respond to starvation by entering an alternative 
developmental program resulting in a dauer animal, until favorable conditions are resumed (HU 
2007). Entry into the dauer stage is associated with reduced insulin-like signaling, an increase in 
lipid storage, and metabolic changes that enable long-term survival in harsh environmental 
conditions. C. elegans larvae with compromised insulin-like signaling (e.g., daf-2 insulin/IGF-1 
receptor mutants) constitutively enter dauer stage, whereas mutant adults are long-lived (HU 
2007). We have previously shown that many of the metabolic and physiological changes 
associated with the constitutive dauer phenotype of daf-2 mutants do not occur in animals that 
lack autophagic activity (MELENDEZ et al. 2003). In particular, dauers in which autophagic flux 
has been compromised show reduced levels of stored neutral lipids raising the possibility that 
autophagy can directly facilitate lipid storage, at least in this specialized larva (MELENDEZ et al. 
2003). We, and others, also showed that autophagy is induced and required for mediating the 
increased lifespan of adults with compromised insulin-like signaling, suggesting that autophagy 
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is part of the anti-aging effects observed in compromised insulin-/IGF-1 mutants (MELENDEZ et 
al. 2003; HARS et al. 2007; HANSEN et al. 2008).  
Another signaling pathway recently linked to lipid metabolism is that of germline-less 
glp-1/Notch mutants. Similar to daf-2 mutants, glp-1 animals also display an increase in lipid 
storage (WANG et al. 2008; O'ROURKE et al. 2009) and increased autophagy levels (LAPIERRE et 
al. 2011b). While lipid breakdown and autophagy have been linked in germline-less glp-1 
animals via the lipase LIPL-4 (LAPIERRE et al. 2011b), it is unknown whether autophagy plays a 
direct role in fat storage in worms raised under favorable food conditions. 
Here we show that bec-1/Beclin 1 and other autophagy genes are required for lipid 
storage in normally developing C. elegans. Specifically, we find that mutants of the autophagy 
gene bec-1 fail to store substantial neutral lipids during development, producing extremely lean 
adult animals.  Similarly, RNA inactivation of bec-1, vps-34, lgg-1 and unc-51 also significantly 
alters fat content in adult animals.  Moreover, both daf-2 insulin-receptor mutants and germline-
less glp-1 animals fail to increase lipid levels during development when autophagy is impaired, 
consistent with a critical role for autophagy in lipid storage. Notably, mutants with compromised 
autophagy have normal pharyngeal pumping, food uptake and defecation during development. In 
addition, mutants with impaired retrograde transport store normal levels of lipids, implying that 
the cellular process of autophagy plays a specific role in lipid remodeling. Taken together, these 
data suggest that the autophagy process plays a role in lipid storage in C. elegans under favorable 
food conditions. As the C. elegans intestine is a terminally differentiated tissue, we propose that 
the link between autophagy and fat storage might be of a more direct nature and may not 
inherently involve cell differentiation.  
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2.3 Results 
Role of bec-1/Beclin 1 in fat storage in wild-type animals 
 To determine whether lipid storage is modulated by autophagy in C. elegans, we 
evaluated the effect of impairing autophagy on lipid content using a mutant of the autophagy 
gene bec-1 (Beclin 1). We assayed homozygous bec-1(ok691) mutants, which have impaired 
autophagy (TAKACS-VELLAI et al. 2005; RUCK et al. 2011). The bec-1 allele ok691 is a 
molecular null mutation, yet bec-1 homozygous mutants are rescued maternally and may reach 
adulthood, but are sterile and die as young adults (RUCK et al. 2011). Considering a recent 
review on the limitations of various lipid analysis methods in C. elegans (ELLE et al. 2010), we 
used Oil-Red-O staining for our initial analysis (BROOKS et al. 2009). Oil-Red-O staining is a 
fixative-based dye that has been shown to stain lipids and correlate with TG mass measurements 
obtained using quantitative biochemical methods (O'ROURKE et al. 2009). When using this 
method, we found a profound decrease in the amount of Oil-Red-O stained neutral lipids in day 1 
adult bec-1 homozygous mutants compared to wild-type animals (Fig. 2.1A).  
 To complement this analysis, we also used the more recent coherent anti-Stokes Raman 
(CARS) microscopy method to assess lipid levels in C. elegans (YEN et al. 2010). CARS 
microscopy allows for direct quantitative analysis of lipid storage without the use of labels. 
Using CARS microscopy, loss of bec-1 resulted in a very prominent decrease in lipid droplet 
number and overall lipid content (Fig. 2.1B and 2.1C). Looking at the distribution of lipid 
droplets in the intestine, a shift toward smaller lipid droplets was also apparent in the absence of 
bec-1 implying that such mutants are unable to properly assemble large neutral lipid droplets 
(Fig. S2.1). This shift in lipid droplet size was also apparent when we stained the bec-1 
homozygous animals with Oil-Red-O (Fig. 2.1A). 



















































































glp-1; bec-1 daf-2; bec-1 bec-1 
WT  glp-1 daf-2 
Figure 2.1. Loss of bec-1 impairs lipid storage in C. elegans. 
(A) Representative images of fixed one day-old adult animals stained with Oil-Red-O with the following 
genotypes : N2 wild-type (WT), glp-1(e2141), daf-2(e1370), and bec-1(ok691), glp-1(e2141);bec-1(ok691) and 
daf-2(e1370); bec-1(ok691) (Magnification, 160-fold). This experiment was repeated three times with similar 
results. (B) CARS micrographs of lipid droplets in one day-old adult N2 wild-type (WT), and glp-1(e2141), daf-2
(e1370), and bec-1(ok691) single mutant animals, followed by the glp-1(e2141); bec-1(ok691) and daf-2(e1370); 
bec-1(ok691) double mutant animals (Magnification 240-fold). This experiment was repeated once with similar 
results. (C) Quantification of lipid droplet number, area size and corresponding lipid content of day 1 adult wild-
type (WT) N2 (1), glp-1(e2141) (2), daf-2(e1370) (3), bec-1(ok691) (4), glp-1(e2141); bec-1(ok691) (5) and daf-2
(e1370); bec-1(ok691) (6) animals. n=6 for each strain (*P<0.05, **P<0.0001, ANOVA using the control strain 
wild-type N2). See also Fig. S1 for analysis of lipid drop distribution, and material and methods section for how 
animals were raised during development in these experiments. 
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The decrease in lipid levels observed in bec-1 mutants was not simply a result of reduced feeding, 
as the rate of pharyngeal pumping was only slightly decreased in bec-1 L4 larvae compared to 
wild type animals and defecation rates or BODIPY uptake were unaffected (Fig. S2.2). Similarly, 
bec-1 L4 larvae did not appear to be leaner due to increased energy expenditure as they did not 
show noticeably increased activity levels compared to wild-type animals (data not shown). More 
importantly, wild-type animals treated with RNAi against bec-1 showed no decrease in food 
uptake or defecation, and yet these animals also displayed the decrease in lipid storage 
phenotype (Fig. 2.2, 2.3, S2.3 and S2.4). Collectively, these results imply that bec-1 plays a 
direct role in facilitating lipid storage in developing C. elegans.  
 
Role of bec-1 in fat storage in daf-2 and in glp-1 loss-of-function mutants 
 To further investigate a role for autophagy in lipid storage, we next examined two 
mutants known to display increased lipid storage capacity: insulin-receptor daf-2 (ASHRAFI et al. 
2003; PEREZ AND VAN GILST 2008) and germline-less glp-1/Notch mutants. These mutants also 
show increased autophagy levels raising the possibility that the autophagy and lipid phenotypes 
may be interconnected in these animals.  
Consistent with previous reports (ASHRAFI et al. 2003; PEREZ AND VAN GILST 2008; 
O'ROURKE et al. 2009), we found that day 1 adult animals carrying loss-of-function mutations in 
either daf-2 or in glp-1 displayed an increase in lipid content as measured by Oil-Red-O staining, 
compared to wild-type animals (Fig. 2.1A). Further analysis of daf-2 or glp-1 mutants by CARS 
microscopy confirmed that lipid content in the intestinal cells was significantly increased in 
either single mutant (Fig. 2.1B and 2.1C). Consistent with these observations, intestinal lipid 
droplets in either glp-1 or daf-2 mutant worms tended to be larger than those found in wild-type 























































































** ** ** ** 
* 
* 
Figure 2.2. Inhibition of autophagy genes reduces lipid content in wild-type animals and in daf-2(e1370) 
mutants. 
(A) Wild-type N2 (WT) and daf-2(e1370) animals were fed control bacteria or bacteria expressing dsRNA against 
bec-1, vps-34, unc-51, or lgg-1, and in (B) we show wild-type N2 (WT) and daf-2(e1370) animals fed control 
bacteria or RNAi against the retromer genes rme-8, and vps-35. All animals were fed from L1 larvae and throughout 
larval development. Animals were raised at the permissive temperature and shifted as L4 larvae to the restrictive 
temperature of 25oC. Animals were fixed and lipid accumulation was determined by staining with Oil-Red-O 
(Magnification, 160-fold). This experiment was repeated twice with similar results. (C) Quantification of Oil-Red-O 
staining of wild-type N2 animals after RNAi treatment against autophagy and retromer genes (n=30 for all 
treatments). Data (average of three experiments) is identical to data shown in 2C and shown for comparison only 
(*P<0.05, **P<0.01, ANOVA using the control strain wild-type N2 animals fed L4440 control or target gene RNAi 
bacteria). (D) Quantification of Oil-Red-O staining (n=30) of daf-2(e1370) animals after RNAi treatment agains 
autophagy and retromer genes. Data represents the average of three experiments (*P<0.05, **P<0.01, ANOVA 
comparison using the control strain wild-type daf-2(e1370) animals fed L4440 RNAi bacteria). 
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Overall, the distribution of lipid droplets was predominantly intestinal, but a layer of small lipid 
droplets was detectable in the hypodermis of these animals (data not shown).  
We next introduced the bec-1(ok691) mutation into daf-2 and glp-1 loss-of-function 
mutants to investigate the role of bec-1 in fat storage in these mutant backgrounds. We found 
that daf-2(e1370); bec-1(ok691) and glp-1(e2141); bec-1(ok691) double mutants no longer 
showed an increase in Oil-Red-O staining compared to single daf-2(e1370) and glp-1(e2141) 
mutants, respectively (Fig. 2.1A). Similarly, we found that day 1 adult daf-2(e1370); bec-
1(ok691) and glp-1(e2141); bec-1(ok691) double mutants displayed a reduction in the number of 
lipid droplets, the size of the droplets, as well as a decrease in the lipid contents when analyzed 
by CARS microscopy (Fig. 2.1B and 2.1C). Gene inactivation by feeding bacteria expressing 
dsRNA against bec-1 also decreased normal fat stores in a wild-type animals and drastically 
reduced the accumulation of lipids normally observed in daf-2(e1370) and glp-1(e2141) mutants 
(Fig. 2.2 and 2.3). Similar results were observed with a different glp-1 loss of function allele, 
bn18 (Fig. S2.6A), as well as an additional daf-2 allele, m41 (Fig. S2.7), which also result in the 
accumulation of lipids (PEREZ AND VAN GILST 2008). We found that food uptake or defecation in 
glp-1 or daf-2 mutants remained unchanged after RNAi against autophagy genes (Fig. S2.4-
S2.7). Taken together, our analysis of daf-2 and glp-1 animals confirmed that bec-1 plays a 
critical role in fat homeostasis, and support a link between lipid metabolism and autophagy in 
these mutants, as observed in wild-type animals. 
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  **  ** **  ** 
  **     *   **   
Figure 2.3. Autophagy genes knockdown decreases lipid content in wild type and glp-1(e2141) mutants. 
(A) Representative images of wild-type N2 (WT) and germline-less glp-1(e2141) animals fed control bacteria or 
bacteria expressing dsRNA against autophagy genes bec-1, vps-34 or lgg-1, and unc-51. This experiment was 
repeated twice with similar similar results. (B) Representative images of wild-type N2 (WT) and germline-less glp-1
(e2141) animals fed RNAi against control or retromer genes rme-8, and vps-35. Animals were treated with RNAi 
from embryogenesis throughout larval development. Animals were raised at the permissive temperature and shifted 
as L4 larvae to the restrictive temperature of 25oC and harvested as 1 day-old adults. Animals were fixed and lipid 
accumulation was determined by staining with Oil-Red-O (Magnification, 160-fold). This experiment was repeated 
twice with similar results. (C) Quantification of Oil-Red-O staining of wild-type N2 animals after RNAi treatment 
against autophagy and retromer genes (n=30 for all treatments). Data represents the average of three experiments 
(*P<0.05, **P<0.01, ANOVA using the control strain wild-type N2 animals fed L4440 control or target gene RNAi 
bacteria). (D) Quantification of Oil-Red-O staining of glp-1(e2141) animals fed dsRNA expressing bacteria to 
autophagy or retromer genes. (n=30 for each RNAi experiment). The average of three experiments is shown 
(*P<0.05, **P<0.01, ANOVA using the strain glp-1(e2141) animals fed L4440 RNAi bacteria). 
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Role of other autophagy and retromer genes in lipid storage  
 In addition to its role in autophagy, BEC-1 has been shown to function in a complex with 
the Class III phosphatidylinositol-3-kinase VPS-34 in retrograde transport, from endosome to 
Golgi (RUCK et al. 2011). To determine whether the autophagy process could be a determining 
factor in the reduced lipid content observed in bec-1 mutants, we inhibited other genes with 
effects in different steps of the autophagy process. To do this, we fed wild-type N2 animals, from 
hatching and throughout development, bacteria expressing dsRNA against bec-1, vps-34, unc-
51/Ulk1, and lgg-1/Atg8/LC3. Analysis in yeast and in mammalian cells have shown that 
Atg1/Ulk1 acts in the induction of autophagy, Vps34 acts together with Atg6/Beclin 1 at the 
nucleation step, and Atg8/LC3 is part of the protein conjugation system for vesicle completion. 
Knockdown of these autophagy genes was previously shown to either cause abnormal daf-2 
dauers or to limit the formation of GFP::LGG-1 puncta, a commonly used assay to assess 
autophagy in C. elegans (MELENDEZ et al. 2008; MELENDEZ AND LEVINE 2009). Indeed, elevated 
GFP::LGG-1 puncta was associated with the lack of daf-2/IGF-1 receptor activity and the lack of 
a germline (LAPIERRE et al. 2011b). Like bec-1 deletion mutants, RNAi against vps-34, unc-51, 
and lgg-1 resulted in a decrease in lipid storage in the intestine of day 1 wild-type animals (Fig. 
2.2A, 2.2C and 2.3A). Similarly, a decrease in lipid storage was observed in day 1 old daf-
2(e1370) mutants (Fig. 2.2A, 2.2D) following RNAi-mediated knock down of bec-1 and vps-34 
and in glp-1(e2141) animals, following RNAi against bec-1, vps-34, unc-51, and lgg-1 (Fig. 
2.3A, 2.3D). A decrease in lipid content was also observed in glp-1(bn18) mutants after RNAi 
against bec-1, vps-34, unc-51, and lgg-1 (Fig. S2.6). Quantification of Oil-Red-O staining 
confirmed a significant reduction in overall lipid content as a result of RNAi against several 
autophagy genes. Taken together, these observations indicate that autophagy is required for 
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adequate lipid storage in C. elegans, suggesting a more dynamic role for autophagy in lipid 
homeostasis. 
 As we have previously shown that bec-1 and vps-34 act in the retrograde transport from 
endosome to Golgi (RUCK et al. 2011), we decided to further investigate the role of retromer 
genes in lipid storage. Since we did not observe a decrease when we stained wild-type N2, daf-
2(e1370) or glp-1(e2141) animals that had been treated with RNAi against rme-8 or vps-35 (Fig. 
2.2B and 2.3B), we also analyzed rme-8(b1023) mutants by  CARS microscopy (Fig. S2.8). 
Interestingly, although rme-8 and vps-35 mutants have been shown to strongly affect retromer 
function (ZHANG et al. 2001; SHI et al. 2009; ZHANG et al. 2012), these strains did not show a 
reduction in lipid content when compared to control animals (Fig. S2.8), and again had no 
significant change in food uptake or defecation (Fig. S2.9). Thus, these data suggest that lipid 
storage does not depend on retrograde transport. Instead, our findings point to a novel 
requirement for the autophagy process in lipid storage, opening the possibility that lipid 
homeostasis is tightly linked to the autophagy/lysosomal pathway. 
 
2.4 Discussion 
Autophagy has recently been linked to lipid metabolism, for instance by mediating cell 
differentiation of adipocytes to ensure lipid storage (SINGH et al. 2009b; ZHANG et al. 2010a). 
Here, our studies suggest that lipid storage in C. elegans requires functional autophagy. 
Specifically, we observe that the loss of bec-1/Beclin 1 is sufficient to significantly impair lipid 
storage in the animal’s terminally differentiated intestinal cells. Likewise, knockdown of other 
autophagy genes working in different steps of the autophagy process (MELENDEZ AND LEVINE 
2009) such as vps-34, unc-51/Ulk1 and lgg-1/LC3 leads to a decrease in lipid content. 
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Importantly, the reduced lipid content is not due to reduced pharyngeal pumping, nutrient 
absorption or defecation (Fig. S2.2-S2.5). The decrease in lipid storage could reflect an increased 
rate in uptake of lipids by the oocyte, however, knockdown of bec-1 was shown to reduce the 
uptake of yolk VIT-2::GFP into oocytes (TAKACS-VELLAI et al. 2005). Thus the decrease in lipid 
storage in the intestine is not likely due to an increased rate of uptake by the growing oocytes. As 
some autophagy genes, including bec-1, play additional roles in endocytosis (RUCK et al. 2011), 
and this process has been linked to lipid storage (MUKHOPADHYAY et al. 2007), it is possible that 
impairing both autophagy and endocytosis contribute to the decrease in lipid storage. However, 
we found that inactivation of retromer genes does not decrease the accumulation of lipids. Since 
inhibition of the autophagy process at different steps gives similar results, and inhibition of 
retromer genes had no effect, we suggest that autophagy is critical for storing lipids in C. elegans, 
although we can not formally exclude that bec-1 and the other tested genes serve non-autophagic 
functions in lipid homeostasis. 
 These novel observations add insights into earlier research on the link between autophagy 
and lipid storage. Previous in vitro studies using a preadipocyte mouse cell line have shown that 
inhibition of autophagy results in a decrease in the accumulation of triglycerides (TGs) that 
occurs during the differentiation process into adipocytes. In atg7 knockout mice, the effects of 
the loss of autophagy on adipocyte differentiation are more complex, in addition to the decrease 
in white adipose mass, the tissue displayed features of brown adipocytes (SINGH et al. 2009b; 
ZHANG et al. 2009). These two types of adipocytes have different functions; white adipocytes 
store large amount of TG for breakdown, whereas brown adipocytes have a higher number of 
mitochondria and an increase in the rate of fatty acid ß-oxidation. While showing a role for 
autophagy in lipid storage, these mammalian studies did not address whether the decrease in 
	   51	  
lipid storage observed in autophagy-deficient animals could be secondary to a failure to 
differentiate adipocytes, and instead represent a direct effect on lipid storage. Since C. elegans 
do not formally have a white or brown adipocyte equivalent, we could not address whether 
autophagy has a similar effect in the intestine of these invertebrate animals. However, we 
observed that inhibition of autophagy in a fully differentiated tissue impaired fat storage while 
not affecting the food intake or energy expenditure of the animal. These data are consistent with 
the idea that autophagy plays a direct role in facilitating lipid storage in C. elegans. While the 
mechanism by which autophagy could mediate lipid storage in C. elegans is currently unknown, 
future experiments should address how autophagy mediates these effects on lipid metabolism, 
for instance by regulating mitochondria number and the rate of fatty acid ß-oxidation, as 
observed in mammalian systems. Similarly, it will be interesting to address whether autophagy 
regulates lipid metabolism in differentiated adult adipocytes.  
While our experiments provide evidence that autophagy is required for lipid storage, 
autophagy is typically viewed as a catabolic process. Thus, an apparent question brought up by 
these results is whether active degradation of cellular components by autophagy is necessary for 
lipid storage or lipid remodeling via the same process. Our data is consistent with a possible, 
albeit controversial, mechanism in which lipid storage may be driven by the ability of cells to 
rapidly recycle material, such as certain fatty acids via autophagy. One alternate possibility is 
that by-products of lipid breakdown resulting from autophagy may be essential for storing lipids 
by providing raw materials needed (e.g. building blocks for membrane formation) or by 
indirectly stimulating lipogenesis via signaling. Another possibility is that proper mitochondrial 
function in lipid metabolism relies on a continual influx of fatty acids from autophagy-related 
lipolysis, or autophagy flux could be important for the function of a regulator of lipid storage. 
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Future experiments are needed to address how autophagy may modulate lipid storage in C. 
elegans. 
 The apparent benefit for cells to dynamically recycle fatty acids between processes of 
lipogenesis and lipolysis are still to be fully investigated. However, we note that several healthy, 
long-lived longevity mutants, such as daf-2 and glp-1 mutants, display autophagy-dependent 
increases in both intestinal lipolysis activity (LAPIERRE et al. 2011b) and lipid storage (ASHRAFI 
et al. 2003; PEREZ AND VAN GILST 2008; O'ROURKE et al. 2009). This is also the case in dauer 
larvae, in which fine-tuning of lipid partitioning suggests that particular types of lipid breakdown 
or levels influence the capacity of worms to survive under unfavorable conditions (NARBONNE 
AND ROY 2009). To provide a benefit to the organism, however, it appears that concomitant 
lipogenesis may be required to prevent lipid store depletion, as seen in several daf-2 strains 
(PEREZ AND VAN GILST 2008). We previously published that the lack of bec-1 activity decreased 
the accumulation of lipids that occurs in daf-2 dauers (MELENDEZ et al. 2003). Whereas we do 
not know whether the effects on lipid homeostasis in daf-2 mutant dauers and daf-2 mutant long-
lived adults are mediated by identical mechanisms, we do know that autophagy plays a role in 
both. In conclusion, since lipid breakdown and lipogenesis may co-exist in the same tissue in C. 
elegans, we propose that dynamic lipid remodeling via autophagy plays an important role not 
only during animal development but also to ensure survival during adulthood by guaranteeing 
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2.5 Materials and methods 
Strains  
The following strains were used in this study: N2 (wild-type/WT), CF1903: glp-1(e2141), 
GC888: glp-1(bn18), and the following strains were obtained from the Caenorhabditis Genetics 
Center: CB1370: daf-2(e1370), DR1564: daf-2(m41), and VC517: bec-1(ok691), KN555: vps-
35(hu68), and DH1206: rme-8(b1023). The following strains were made for this study: QU20: 
glp-1(e2141); bec-1(ok691)/nT1, QU35: daf-2(m41); bec-1(ok691)/nT1, QU36: daf-2(e1370); 
bec-1(ok691)/nT1, QU104: glp-1(e2141); unc-51(e369). 
 
Experimental conditions 
Animals were raised on NGM agar plates containing OP50 E. coli at permissive temperature 
15°C and changed to the restrictive temperature of 25°C, as L4 larvae. Animals were assayed 1 
day later as 1 day-old adults. The same population was assayed for pharyngeal pumping, 
defecation rates, BODIPY uptake and stained with Oil-Red-O. 
 
Pharyngeal Pumping Rates 
Pharyngeal pumping rates were measured in 1 day-old adults under a dissecting scope in 20 
second intervals and pumping rate (pumps/minute) were determined in at least 10 animals per 
trial for each of two trials analyzed. Prior to measurements taken, animals were incubated at 
room temperature (22°C) for 1 hour. ANOVA comparisons (performed with the software 
GraphPad Prism 5.0) were made using control animals as stated. 
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Defecation Rates  
Defecation rates were determined by measuring the average of 2 consecutive cycles (MAK et al. 
2006).  Prior to measurements taken, animals were incubated at room temperature (22°C) for 1 
hour.  At least 10 animals were analyzed for each trial and the values represent the combined 
average of 2 trials. ANOVA comparisons (performed with the software GraphPad Prism 5.0) 
were made using control animals as stated. 
 
BODIPY C12 Uptake Assay 
1 day-old adults were placed on 2cm NGM OP50 E. coli seed with 100ul of 5uM C1-BODIPY-
C12 (D3823, Invitrogen) diluted in PBS (ZHANG et al. 2010a). Animals were fed BODIPY for 1 
hour at room temperature (22°C), collected and washed with 1X in PBS, mounted and 
immobilized on 2% agarose pads in 5ul M9 buffer containing 25mM sodium azide.  160X 
BODIPY green fluorescent images were taken using AxioCam Zeiss Imager A1. Fluorescence 
was quantified using Image J software. On average, 30 worms per trial were quantified (the 
values represent the combined average of 3 trials). ANOVA comparisons (performed with the 
software GraphPad Prism 5.0) were made using control animals as stated. 
 
Oil-Red-O lipid staining and quantification 
Lipid levels were analyzed using Oil-Red-O staining of fixed animals as previously described 
(BROOKS et al. 2009). Quantification of Oil-Red-O staining was performed as previously 
described (YEN et al. 2010). On average 50 animals were quantified for each trial (values 
represent the combined data from 3 trials), using Image J software, representing a total 
population of 100 animals. 
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CARS microscopy and lipid quantification 
CARS microscopy was performed using the following parameters: the signal (924.2 nm) 
and idler (1255 nm) outputs of an optical parametric oscillator (OPO, Levante Emerald, Berlin, 
Germany) were used as the pump and Stokes beams, respectively, to produce a frequency 
difference of 2851 cm-1. The OPO was synchronously pumped by the second harmonic output 
(532 nm) of a mode-locked Nd:YVO4 laser (HighQ Laser, Austria). The pump and Stokes 
beams were inherently synchronized and collinearly overlapped at the exit port of the OPO. The 
laser beams were passed through a laser scanner (C1plus, Nikon, Melville, NY) and focused with 
a 60x IR objective into the sample. The combined laser power was attenuated with neutral 
density filters to 66 mW at sample. Epi-reflected signal was directed into a multi-channel 
detector, spectrally separated with dichroic mirrors, selected with bandpass filters (Semrock, 
Lake Forest, IL), and detected with red-sensitive photomultiplier tubes (R10699, Hamamatsu, 
Japan). Bandpass filters for autofluorescence and CARS signal were 510/42 nm and 736/128 nm, 
respectively.  
Images were acquired at 10 seconds per frame and presented as 3-D stacks of 
approximately 30 frames taken at 1-micron increment along the vertical axis. Image analysis was 
performed post-acquisition using NIH ImageJ software. Quantification was performed on 4 
stacks (3 µm apart) per animal encompassing the intestine cells. ANOVA statistical analyses of 
lipid droplet number, size and lipid content were performed using the software GraphPad Prism 
5.0. Wild-type and daf-2(e1370) mutants were raised at the permissive temperature, while glp-
1(e2141) animals were raised at the restrictive temperature of 25°C. 
 
	   56	  
RNAi treatments 
To circumvent defects that occur during embryonic development, L1 larvae were 
collected as they hatched and transferred to plates seeded with HT115 E. coli that express 
dsRNA for the corresponding target gene. Bacteria expressing specific dsRNA were obtained 
from the Ahringer (KAMATH et al. 2003) and the Vidal libraries (RUAL et al. 2004). Only healthy 
individuals were assayed following RNAi treatment. 
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Figure S2.1. Analysis of lipid droplet distribution from CARS microscopy.  
Lipid droplet area for N2 wild-type (WT), glp-1(e2141), daf-2(e1370), bec-1(ok691), glp-1(e2141); bec-1(ok691) 
and daf-2(e1370); bec-1(ok691) animals was plotted. Each bar represents a single worm. Areas were quantified 
with ImageJ software and approximated to the nearest whole number for presentation purposes. The experiment 
was done twice with similar results, n=6 per trial. 

































































Figure S2.2. bec-1 mutants have a slight decrease in pharyngeal pumping but have no significant change in 
BODIPY uptake or defecation rates. 
(A) Quantification of pharyngeal pumping rates (n=20), (B) defecation rates (n=10) and (C) BODIPY uptake 
(n=20) for bec-1 mutants that segregate from the heterozygous parent. Data shown is the average of two trials 
(*P<0.05, Student’s t-test comparison using the control strain wild-type N2 animals). The error bars on all graphs 
represent +/- SEM. 




































































Figure S2.3. Knockdown of autophagy by RNAi has no significant effect on food uptake, or pharyngeal, 
and defecation rates. 
(A) Quantification of pharyngeal pumping rates of wild-type N2 animals after RNAi against autophagy and 
retromer genes (n=10 for each RNAi experiment), (B) defecation rates (n=5 for each RNAi experiment) and (C) 
food uptake as measured by BODIPY staining (n=10 for each RNAi experiment). As previously reported,34-36 
wild-type animals have pharyngeal pumping rates of ~250 pumps/minute (Fig S3A), and defecation cycles of  ~55 
seconds (Fig. S3B). Wild-type N2 (WT) animals treated with RNAi against the autophagy genes: bec-1, vps-34, 
unc-51, lgg-1, or the retromer genes: rme-8 or vps-35, displayed no significant change in pharyngeal pumping, 
defecation rates and BODIPY uptake when compared to control RNAi animals. Data shown is the average of two 
experiments (*P<0.05, **P<0.01, ANOVA comparison using wild-type N2 animals fed RNAi bacteria with 
control empty vector (L4440)). The error bars on all graphs represent +/- SEM. 
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Figure S2.4. Knockdown of autophagy but not retromer genes reduces the lipid content of daf-2(e1370) 
animals without affecting food intake. 
Quantification of (A) pharyngeal pumping rates (n=10 for each RNAi experiment), (B) defecation rates (n=5 for 
each RNAi experiment) and (C) food uptake as measured by BODIPY staining (n=10 for each RNAi experiment) 
for daf-2(e1370) animals fed control RNAi bacteria or RNAi against autophagy and retromer genes. daf-2(e1370) 
mutants display a decrease in the rate of pharyngeal pumping (200 pumps/min) when compared to wild-type N2 
(250 pumps/min) animals (Fig. S4A), as has been previously reported for class II daf-2 alleles.37 Knockdown of 
autophagy or retromer genes in daf-2(e1370) mutants had no significant effect on pharyngeal pumping, defecation 
or BODIPY uptake when compared to daf-2(e1370) animals fed the control dsRNA. Data shown is the average of 
two experiments (*P<0.05, **P<0.01, ANOVA comparison using daf-2(e1370) animals fed RNAi bacteria with 
control empty vector (L4440)). The error bars on all graphs represent +/- SEM. 






































































Figure S2.5. Knockdown of autophagy but not retromer genes reduces fat accumulation of glp-1(e2141) 
animals without affecting food intake.  
Quantification of (A) pharyngeal pumping rates (n=10 for each RNAi experiment), (B) defecation rates (n=5 for 
each RNAi experiment) and (C) food uptake as measured by BODIPY staining (n=10 for each RNAi experiment) 
of glp-1(e2141) animals after RNAi treatment against control, autophagy and retromer genes. glp-1(e2141) 
mutant animals displayed similar pharyngeal pumping, defecation and BODIPY uptake to wild-type N2 animals, 
and there was no significant change in glp-1(e2141) mutants after feeding RNAi against autophagy or retromer 
genes. The average of two experiments is shown (*P<0.05, **P<0.01, ANOVA comparison using the glp-1
(e2141) animals fed RNAi bacteria with control empty vector (L4440)). The error bars on all graphs represent +/- 
SEM. 




































































































Figure S2.6. Autophagy genes knockdown decreases 
lipid content in glp-1(bn18) mutants. 
(A) Representative images of wild-type N2 and glp-1
(bn18) animals fed dsRNA against autophagy and 
retromer genes and (B) quantification of Oil-Red-
Staining (n=10 for each experiment). (C) Quantification 
of pharyngeal pumping rates (n=10 for each 
experiment), (D) defecation rates (n=5 for each 
experiment) and (E) food uptake as measured by 
BODIPY staining (n=10 for each experiment).  
Experiments were repeated with similar results 
(*P<0.05, **P<0.01, ANOVA comparison using the 
glp-1(bn18) animals fed RNAi bacteria with control 
empty vector (L4440)). The error bars on all graphs 
represent +/- SEM. 
++" ++" ++" ++"
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Figure S2.7. Autophagy gene knockdown decreases lipid content in daf-2(m41) mutants. 
Representative images of wild-type N2 and daf-2(m41) animals fed dsRNA against autophagy genes during 
development (n=20 per RNAi experiment). This experiment was repeated two times with similar results. 
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Figure S2.8. Loss of autophagy but not retromer gene activity affects lipid accumulation. (A) CARS 
micrographs of lipid droplets in day 1 adult WT, rme-8(b1023), unc-51(e369) animals (Magnification 240-fold). 
(B) Quantification of lipid droplet number, area size and corresponding lipid content of day 1 adult wild-type 
(WT) N2, rme-8(b1023), unc-51(e369) animals; n=3 for each strain (*P<0.05, **P<0.0001, ANOVA comparison 
using the control N2 strain). (C) Representative photographs of Oil-Red-O staining and (D) quantification of the 
Oil-Red-O staining for (WT) N2, rme-8(b1023), vps-35(hu68), unc-51(e369) animals. Experiments were repeated 
at least two times with similar results (*P<0.05, ANOVA comparison using wild-type N2 animals). The error bars 
on all graphs represent +/- SEM. 

































































Figure S2.9. Retromer mutants rme-8 and vps-35, and autophagy unc-51 mutants exhibit normal feeding 
and defecation rates.  
(A) Quantification of pharyngeal pumping rates (n=15 for each experiment), (B) defecation rates (n=10 for each 
experiment) and (C) food uptake as measured by BODIPY staining (n=30) for (WT) N2, rme-8(b1023), vps-35
(hu68), and unc-51(e369) animals. The average of two experiments is shown (*P<0.05, **P<0.01, ANOVA 
comparison using wild-type N2 animals). The error bars on all graphs represent +/- SEM. 
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Chapter 3 
 Autophagy deficiency triggers cytosolic lipolysis via 
adipose triglyceride lipase-1 (ATGL-1) in a PKA-
dependent manner 
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1Department of Biology, Queens College, Queens, New York 11367, USA and 2The Graduate 
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3.1 Abstract 
Autophagy plays a complex role in lipid metabolism as it contributes to both lipid storage and 
breakdown.  Defects in autophagy are linked to metabolic disorders, including insulin resistance, 
fatty liver disease, atherosclerosis, obesity, and neurodegeneration. The nematode 
Caenorhabditis elegans is an ideal model to address the fundamental mechanisms that underlie 
lipid homeostasis in an intact organism. It has been shown that autophagy gene activity (unc-
51/ULK1/2, bec-1/BECN1, vps-34/VPS34, and lgg-1/LC3I) is required for normal lipid 
accumulation during development. Here, we show that autophagy mutants are able to synthesize, 
store, and breakdown neutral lipids adequately, but may have an increase in lipid catabolism. 
Interestingly, we found the cytosolic adipose triglyceride lipase-1 (ATGL-1), but not hormone-
sensitive lipase (HOSL-1), is required for the reduction in lipid levels observed in autophagy 
mutants, as depletion of atgl-1 restored the lipid levels in several autophagy mutant backgrounds, 
such as unc-51/ULK1/2, bec-1/BECN1, atg-7/ATG7 and atg-16.2/ATG16L. Additionally, 
ATGL-1::GFP protein levels were elevated in the autophagy mutants, unc-51/ULK1 and atg-
7/ATG7. Importantly, the co-activator of ATGL-1, LID-1 (in mammals, CGI-58), and the 
catalytic subunit of protein kinase A (PKA), KIN-1, are required for the decrease in lipid stores 
of autophagy-impaired animals. These data suggest that loss of autophagy results in aberrant 
neutral lipid levels due to dysregulation of ATGL-1 stability and/or expression. Understanding 
the mechanism by which autophagy is required for lipid homeostasis is crucial to develop novel 
therapeutic treatments for autophagy-related metabolic disorders. 
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3.2 Introduction 
Organisms have complex regulatory mechanisms that coordinate systemic energy 
homeostasis, particularly during environmental changes such as fasting and nutrient deprivation 
(EFEYAN et al. 2015). The evolutionarily conserved process of autophagy is crucial for cells, 
tissues, and organisms to maintain metabolic homeostasis in normal feeding conditions, as well 
as under scarce nutrient conditions (WHITE et al. 2015). Autophagy is responsible for the 
turnover of intracellular organelles, long-lived proteins, protein aggregates and pathogens, via 
the lysosomal degradation pathway (GLICK et al. 2010). Under nutrient starvation conditions, 
autophagy functions to non-selectively sequester cytoplasmic components, which are then 
subsequently degraded and recycled to provide raw materials for maintenance of normal cellular 
activities. Conversely, targeted organelles, such as mitochondria, ribosomes, or peroxisomes, 
may be selectively degraded to maintain a healthy population of organelles in the cell (SVENNING 
AND JOHANSEN 2013). More recently, lipid droplets have been identified as a substrate of 
selective autophagy (SINGH et al. 2009a). Autophagy has emerged as a critical regulator of lipid 
metabolism, and is linked to several pathologies including insulin resistance, fatty liver disease, 
obesity, and neurodegeneration (LEVINE AND KROEMER 2008). These conditions are all 
implicated in the metabolic syndrome of aging (CHRISTIAN et al. 2013).	  
The core genes that comprise the autophagy machinery are highly conserved from yeast 
to mammals (LEVINE AND KROEMER 2008). Autophagy occurs in a sequential manner beginning 
with induction, followed by formation of the phagophore (vesicle nucleation), elongation of the 
double-membrane autophagosome, fusion of the autophagosome with the lysosome, and finally, 
degradation and recycling of cargo (LEVINE AND KROEMER 2008). In mammals, activation of 
autophagy requires the induction complex that includes the ULK1/2 (UNC-51-like) 
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serine/threonine kinases. The induction machinery activates the class III phosphatidylinositol 3-
kinase (PI3K) nucleation complex that includes VPS34 and BECN1 (FULLGRABE et al. 2014). 
PI3K activity is necessary for the conversion of PIP2 (phosphatidylinositol 4,5-biphosphate) to 
PIP3 (phosphatidylinositol 3-phosphate) (FULLGRABE et al. 2014). PIP3 is an essential 
phospholipid required for phagophore or isolation membrane expansion, and recruitment of 
autophagy (ATG) proteins (KLIONSKY et al. 2011). Two-ubiquitin like conjugation systems rely 
on ATG7, an E1-like activating enzyme, for the development and maturation of autophagosomes 
(HE AND KLIONSKY 2009). In the first reaction, ATG12 is conjugated to ATG5 and in turn, binds 
ATG16L1 to form a tetrameric complex of two ATG12-ATG5 conjugates bound to an ATG16L 
dimer (MIZUSHIMA et al. 1999; KUMA et al. 2002). ATG16L determines the binding site at the 
preautophagosomal structure (PAS) in yeast, or the isolation membrane in higher eukaryotes 
(SUZUKI et al. 2001; FUJITA et al. 2008). The resulting ATG12-ATG5-ATG16L1 complex 
regulates the second conjugation system. The cytosolic protein LC3 (light chain 3) is first 
cleaved by a cysteine protease ATG4, forming LC3-I and is finally conjugated to 
phosphatidylethanolamine (PE), by an E2-like enzyme ATG3, forming LC3-II (HE AND 
KLIONSKY 2009). Finally, fusion of the autophagosome to the lysosome occurs, to form an 
autolysosome, where the cargo, along with membrane components, are degraded and recycled 
(HE AND KLIONSKY 2009).  
 Fatty acids (FA), and cholesterol esters (CE), provide a carbon rich energy source and 
play diverse roles in cellular metabolism for phospholipid synthesis, membrane stabilization, and 
cell signaling (POL et al. 2014). Negatively charged FA are esterified and stored for future use, 
as neutral triacylglycerides (TAG), to allow tight packaging into lipid droplets (WOLINS et al. 
2006). Lipid droplets—neutral lipid storage organelles—are composed of a core of TAG and CE, 
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surrounded by a phospholipid monolayer. The membrane of lipid droplets is associated with 
specific structural, or regulatory proteins that function in lipogenesis, lipolysis or trafficking 
(FUJIMOTO AND PARTON 2011). Although lipid droplets were once considered inert energy 
particles, they are highly dynamic and respond to the metabolic status of the organism (ZHANG et 
al. 2010b). For example, fasting and exercise promote the utilization of stored lipids to generate 
energy, while lipid storage is a mechanism to buffer excess free fatty acids to prevent lipotoxicity 
(KAUR AND DEBNATH 2015). 
The proper synthesis, storage, and breakdown of lipids, is essential for organismal growth 
and survival, particularly when energy sources are depleted. The prevailing model is that lipid 
droplets originate from the lumen of the endoplasmic reticulum in a process coupled with neutral 
lipid synthesis (MARKGRAF et al. 2014). Interestingly, lipolytic pathways are better characterized 
than those involving lipid synthesis. Lipolysis is a tightly regulated biochemical pathway 
responsible for the hydrolysis of TAG stored in lipid droplets. TAG hydrolysis is a sequential 
process achieved through the concerted action of 3 enzymes, each liberating a FA from the 
glycerol backbone (LASS et al. 2011). The adipose triglyceride lipase ATGL, in C. elegans 
ATGL-1, preferentially catalyzes the first rate-limiting step to generate diacylglyceride (DAG) 
(ZIMMERMANN et al. 2004). The multifunctional enzyme hormone sensitive lipase HSL, or in C. 
elegans HOSL-1, performs the second rate-limited step by hydrolyzing DAG to create 
monoacylglycerol (MAG). Lastly, MAG lipase cleaves MAG releasing the final FA (KARLSSON 
et al. 1997). Impairment of lipolysis at any step can result in the accumulation of bioactive lipid 
intermediates that can have severe consequences at the cellular, tissue and organismal level. 
C. elegans provides a unique opportunity to study the complex interplay between 
autophagy and lipid metabolism. The nematode lipid profile contains a diverse array of saturated, 
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monounsaturated, and polyunsaturated fats primarily stored as TAG, whereas DAG and MAG 
are less prevalent, similar to mammalian adipose tissue (SRINIVASAN 2015). Moreover, the 
evolutionary conservation of essential metabolic pathways, such as fatty acid synthesis, 
mitochondrial and peroxisomal ß-oxidation of fatty acids, synthesis of phospholipids, and 
glycolysis, allows studies in C. elegans to elucidate genetic pathways important to humans 
(WATTS AND BROWSE 2002; WATTS 2009). The insulin-like IGF-1 (KIMURA et al. 1997), 
serotonin (SZE et al. 2000; SRINIVASAN et al. 2008; NOBLE et al. 2013), target of rapamycin (JIA 
et al. 2004) and transforming growth factor-β (GREER et al. 2008) signaling pathways have been 
shown to regulate lipid metabolism. Nematodes obtain the majority of fatty acids from their 
bacterial diet, in addition to de novo synthesis (BROCK et al. 2006). While C. elegans does not 
have tissue dedicated to fat storage, neutral lipids are stored in the intestine and epidermis. 
Autophagy appears to have diverse roles in C. elegans lipid metabolism, as it does in mammals 
(LAPIERRE et al. 2011a; LAPIERRE et al. 2013a; LAPIERRE et al. 2013b; O'ROURKE AND RUVKUN 
2013).	  
Previously, we demonstrated that autophagy genes are required for normal lipid levels in 
C. elegans (LAPIERRE et al. 2013b). In this study, we explored the mechanism by which 
autophagy ensures lipid homeostasis in adult nematodes. We determined that autophagy gene 
activity is not required for formation and storage of neutral lipid droplets. Moreover, autophagy 
gene activity is not needed for the mobilization of lipid stores, during fasting conditions. In a 
candidate screen for a lipase that could be involved in the decrease in lipids observed in 
autophagy gene mutants, we identified ATGL-1. RNAi depletion of atgl-1 restored lipid levels in 
several, loss of function autophagy gene mutants, such as unc-51, bec-1, atg-7, or atg-16.2. 
Expression of a reporter containing the ATGL-1::GFP fusion protein was increased in unc-51 
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and atg-7 mutants. Moreover, the ATGL-1 co-activator, LID-1 (CGI-58 in mammals), and the 
catalytic subunit of Protein Kinase A (PKA), KIN-1, were required to promote the lipid loss of 
autophagy gene mutant animals. From this study, we propose that autophagy-deficiency affects 
ATGL-1 activity, stability, and/or expression, in a PKA-dependent manner in C. elegans.  
 
3.3 Results	  
Loss of autophagy leads to lipid store depletion without affecting nutrient uptake, lipid 
synthesis or the mobilization of lipid stores during fasting 	  
We previously demonstrated that autophagy gene activity is required to maintain normal lipid 
levels in C. elegans (LAPIERRE et al. 2013b). We found that bec-1, a member of the Class III 
PI3K induction complex, is necessary to accumulate and store neutral lipids in wild-type animals, 
as well as in the daf-2 insulin/IGF-1 receptor (daf-2/IIR) and glp-1/Notch mutants that 
accumulate fat (LAPIERRE et al. 2013b). Moreover, we discovered that impairment of several 
autophagy genes (unc-51, vps-34, and lgg-1), in addition to bec-1, diminished neutral lipid 
content, in wild-type animals, and in glp-1/Notch mutants (LAPIERRE et al. 2013b). Notably, 
aberrant lipid levels in autophagy-deficient animals were found to be independent of nutrient 
intake (LAPIERRE et al. 2013b). To further characterize the requirement of autophagy in lipid 
storage, we utilized loss of function mutations in atg-7 and atg-16.2, encoding key components 
of the autophagy machinery (HE AND KLIONSKY 2009). We found that mutations in atg-7(bp411), 
or atg-16.2(ok3224), or RNAi depletion of atg-7 significantly reduced neutral lipid content in 
young adult animals (Fig. 3.1A-C). Additionally, the increased lipid content of glp-1(bn18) loss 
of function mutants was diminished in glp-1;atg-7 double mutant animals (Fig. 3.1D). 	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Using CARS microscopy, we previously reported that loss of bec-1 reduced the size and number 
of intestinal lipid droplets (LAPIERRE et al. 2013b). Likewise using a novel in vivo intestinal-
specific lipid droplet reporter, DHS-3::GFP, we determined that bec-1 and atg-7 loss of function 
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Figure 3.1. Loss of autophagy impairs neutral lipid storage 
(A) Images (magnification, 160-fold)  and (B) quantification of Oil-Red-O stained neutral lipids in 1 day-old wild-
type animals fed RNAi control bacteria or bacteria expressing dsRNA against bec-1, lgg-1, or atg-7 as L1 larvae and 
throughout larval development (*P<0.05, **P<0.01 ANOVA, using wild-type animals fed control empty vector 
RNAi bacteria, error bars +/- SEM, n=15, repeated 2X with similar results). (C) Quantification of Oil-Red-O stained 
neutral lipids in 1 day-old wild type, bec-1(ok691), atg-7(bp411) and atg-16.2(ok3224) mutant animals (*P<0.05, 
***P<0.001 ANOVA, error bars +/- SEM, n=12-15, repeated 3X with similar results). (D) Quantification of Oil-
Red-O stained neutral lipids in 1 day-old wild type, atg-7(bp411), glp-1(bn18), and glp-1(bn18);atg-7(bp411) 
mutants (***P<0.001 ANOVA, error bars +/- SEM, n=45, average of 3 trials). (F) Images (1000-fold) and 
quantification of lipid droplet (E) number and (G) diameter of DHS-3::GFP-labeled intestinal lipid droplets in wild 
type, bec-1(ok691), atg-7(bp411) and atg-16.2(ok3224) mutants (**P<0.01 ANOVA, error bars +/- SEM, n>25, 
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Interestingly, the size of DHS-3::GFP-labeled intestinal droplets in the posterior region of the 
intestine of atg-16.2 mutants were drastically increased (Fig. 3.1F and G). However, the 
increase in the diameter of DHS-3::GFP-labeled droplets in atg-16.2 mutants was accompanied 
by a reduction in the total number of lipid droplets measured (Fig. 3.1E). Notably, pharyngeal 
pumping and defecation rates in autophagy mutants, including atg-7 or atg-16.2, are comparable 
to that of wild-type animals, demonstrating that food intake is not the cause of alterations in lipid 
levels (Fig. S3.1). We reasoned that the decrease in lipid content in autophagy gene depleted 
animals was due to defects in lipid synthesis, storage, or could reflect an increase in the 
breakdown of lipids. 	  
 During nutrient rich conditions, excess fatty acids are converted to TAG and stored as 
lipid droplets (RUTKOWSKI et al. 2015). Hence, TAG synthesis is stimulated by the addition of 
fatty acids, such as oleic acid. The monounsaturated oleic acid is a preferred substrate for 
generating TAG and is therefore commonly used across eukaryotic species to promote the 
formation of lipid droplets (SHI et al. 2013). To evaluate the requirement for autophagy gene 
activity in TAG synthesis during “lipid loading” conditions, oleic acid was added to the C. 
elegans bacterial diet of wild-type and autophagy mutant animals, and lipid content was 
measured. Quantification of lipid staining revealed that short-term supplementation of oleic acid 
restored lipid levels in bec-1, atg-7 or atg-16.2 autophagy mutant backgrounds (Fig. 3.2A). As 
oleic acid is packed into TAG prior to being stored in lipid droplets, this evidence indicates that 
loss of autophagy gene activity does not seem to affect TAG synthesis nor the subsequent 
formation of lipid droplets. These data suggest that autophagy gene activity is not required for 
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the synthesis or storage of neutral lipids. 
	  
  Fasting induces the mobilization of lipid stores, supplying fatty acids to generate energy. 
Autophagy has been shown to contribute to lipid catabolism in liver cells during starvation 
conditions, in mammals (SINGH et al. 2009a). Similarly in C. elegans, starvation promotes 
transcriptional activation of autophagy and lysosomal lipolysis genes (O'ROURKE AND RUVKUN 
2013). A common method used to determine if stored lipids are properly mobilized and degraded 
is to compare the lipid content of starved versus well-fed animals (MCKAY et al. 2003). Thus, we 
Figure 3.2. Lipid-impaired autophagy mutants are able to breakdown, synthesize and store lipid droplets 
(A) Quantification of Oil-Red-O staining in 1 day-old wild type, bec-1(ok691), atg-7(bp411) and atg-16.2(ok3224) mutant 
animals, fed the control E. coli diet or a diet supplemented with 5 mM oleic acid for 2 hours (*P<0.05, **P<0.01, 
***P<0.001 ANOVA, error bars +/- SEM, n=30, average of 2 trials). (B) Quantification of Oil-Red-O staining in 1 day-old 
wild type, bec-1(ok691), atg-7(bp411) or atg-16.2(ok3224) mutants fed the control E. coli diet ad libitum or starved for 6 
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investigated if autophagy gene function was required for lipid breakdown during fasting 
conditions. We found that several loss of function autophagy mutants, including bec-1, atg-7 and 
atg-16.2, after 6h of fasting, displayed a further reduction in lipid content, as compared to 
animals from the same cohort fed ad libitum (Fig. 3.2B). This suggests that autophagy gene 
activity is not required for the mobilization and breakdown of stored lipids during starvation in 
C. elegans. 	  
	  
Lipid-loss in autophagy mutants is mediated by the lipase ATGL-1, and not HOSL-1	  
  As autophagy gene mutant animals do not appear to have defects in lipid synthesis or 
storage, we investigated whether their reduction in neutral lipids was due to an increase in lipid 
catabolism. Cytosolic lipolysis is accomplished by a class of enzymes called lipases that 
hydrolyze TAG liberating free fatty acids from the glycerol backbone (WALTHER AND FARESE 
2012). Over 30 lipase genes have been identified by sequence homology in the C. elegans 
genome, including a subset reported to have a role in dauer metabolism (NARBONNE AND ROY 
2009), longevity (WANG et al. 2008), and autophagy (LAPIERRE et al. 2011a). In a candidate 
screen for a lipase gene responsible for the low-lipid phenotype in autophagy mutant animals, we 
found that RNAi depletion of atgl-1, encoding the evolutionarily conserved ATGL-1/ATGL, 
suppressed the lipid loss observed in unc-51(e369), bec-1, atg-7 or atg-16.2 mutant animals (Fig. 
3.3A and 3.3B). However, RNAi against the C. elegans HSL ortholog, hosl-1, had no effect on 
the lipid accumulation of autophagy mutants. In addition, RNAi depletion of the lipases, lips-1 or 
lips-2, the lipase-related genes lipl-1, lipl-2, lipl-3, lipl-4, or lipl-5, or the fatty acid binding 
protein far-3, had no effect on the lipid levels of autophagy mutants (Fig. 3.3A-B and Fig. S3.2). 
Moreover, inhibition of atgl-1 restored the reduced intestinal lipid droplet size detected in bec-1 
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and atg-7 mutants to that of wild-type animals (Fig. 3.3C and 3.3D)
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  Optimal ATGL-1 lipolytic activity requires binding its co-activator, lipid droplet 
associated protein, LID-1 (the C. elegans homolog of CGI-58) (LEE et al. 2014). To test whether 
lid-1 is also required for the low-fat phenotype observed in autophagy mutants, we RNAi-
depleted lid-1 in autophagy mutants and measured lipid content. RNAi depletion of lid-1 restored 
lipid levels in unc-51, atg-7 and atg-16.2 mutants to that of wild-type levels (Fig. 3.4A). Taken 
together, this implies that ATGL-1 protein levels may be increased in autophagy mutants. 
Interestingly, we found that the expression of the ATGL-1::GFP transgene was significantly 
increased in unc-51 and atg-7 mutants, when compared to wild-type animals (Fig. 3.4B and 
3.4C). Moreover, as previously reported (LEE et al. 2014), the ATGL-1::GFP reporter increases 
lipase activity, as wild-type animals that express this reporter have a reduction in lipid content 
(Fig. S3.3). Similarly, the low-fat content observed in atg-7 mutant animals, is further reduced in 
animals expressing the ATGL-1::GFP transgene (Fig. S3.3). Unexpectedly, atg-16.2 mutants 
exhibit significantly reduced ATGL-1::GFP reporter levels as compared to wild-type animals 
(Fig. 3.4C). Notably, the reduction in ATGL-1::GFP expression in atg-16.2 mutants correlates 
with enhanced lipid storage, as compared to wild-type animals that express the transgene (Fig. 
S3.3). These data suggest a complex role for autophagy, in the maintenance of ATGL-1 
expression and/or stability in C. elegans. 	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Figure 3.4. The decrease in lipid stores of autophagy mutants requires LID-1/CGI-58 and the PKA catalytic 
subunit KIN-1. (A) Quantification of Oil-Red-O staining in 1 day-old adult wild type, unc-51(e369), atg-7(bp411) 
and atg-16.2(ok3224) mutant animals that were fed RNAi control bacteria, or bacteria expressing dsRNA against 
atgl-1/ATGL-1, and lid-1/CGI-58 (*P<0.05, ***P<0.001, ANOVA comparison using wild type, unc-51(e369), 
atg-7(bp411) and atg-16.2(ok3224) mutants fed the empty vector control RNAi bacteria error bars +/- SEM, n>30, 
repeated 2X with similar results). (B) Representative images (630-fold) and (C) quantification of fluorescence in 1 
day-old wild type, unc-51(e369), atg-7(bp411), and atg-16.2(ok3224) mutants expressing 
pATGL-1::ATGL-1::GFP (***P<0.001, ANOVA, error bars +/- SEM, average of 3 trials).  (D) Quantification of 
Oil-Red-O staining in 1 day-old adult wild type, atg-7(bp411), or atg-16.2(ok3224) mutant animals fed RNAi 
control bacteria, or bacteria expressing dsRNA against kin-1/PKA, throughout development (***P<0.001, ANOVA 
comparison using wild type, atg-7(bp411) and atg-16.2(ok3224) mutants fed control empty vector control RNAi 
bacteria, error bars +/- SEM, n=27-30, average of 2 trials). (E) Quantification of Oil-Red-O staining in 1 day-old 
adult wild type, atg-7(bp411), glp-1(bn18) or glp-1(bn18);atg-7(bp411) mutant animals fed RNAi control bacteria, 
or bacteria expressing dsRNA against the gene that encodes the catalytic subunit of PKA, kin-1/PKA (**p<0.01 
ANOVA, ***p<0.001 ANOVA comparison using wild type, atg-7(bp411), glp-1(bn18) and glp-1(bn18);atg-7
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PLIN1 is not necessary for lipid-loss in adult wild-type or autophagy mutant animals	  
In mammals, PLIN2 and PLIN3 protect the surface of the lipid droplet from ATGL-mediated 
lipolysis. However, during starvation, chaperone-mediated autophagy degrades PLIN2 and 
PLIN3 (KAUSHIK AND CUERVO 2015). As a consequence of degradation of lipid droplet-
associated proteins, the lipid droplet surface is accessible to cytosolic lipases, thereby driving 
lipolysis. In C. elegans, only one perilipin-related ortholog has been identified, PLIN-1, required 
for normal lipid accumulation in embryos (CHUGHTAI et al. 2015). However, we found that 
PLIN-1 is not required for the lipid-loss observed in adult wild-type or autophagy mutant 
animals (Fig. S3.4). In C. elegans, two major lipid droplet resident proteins have been identified 
MDT-28 and DHS-3. MDT-28 is expressed in most tissues (epidermis, muscle and intestine) 
whereas DHS-3 is expressed mainly in the intestine (NA et al. 2015). 	  
	  
Upregulation of ATGL-1 in autophagy mutants is mediated by the cAMP-dependent PKA 
pathway 
As key nutrient sensors, the highly conserved cAMP-dependent protein kinase A (PKA), 
and AMP Kinase (AMPK), directly regulate ATGL-1 protein levels (LEE et al. 2014; XIE AND 
ROY 2015). In C. elegans, AMPK directly phosphorylates ATGL-1, to ration lipid reserves and 
ensure long-term survival of non-feeding dauer larvae (XIE AND ROY 2015). Interestingly, 
AMPK phosphorylation of ATGL-1 promotes the formation of PAR-5/14-3-3 binding sites. 
PAR-5/14-3-3 proteins are highly conserved proteins that bind phosphorylated motifs in a variety 
of target proteins (FU et al. 2000; DOUGHERTY AND MORRISON 2004; BRIDGES AND MOORHEAD 
2005; AITKEN 2006; SHINN-THOMAS et al. 2016). As PAR-5/14-3-3 binds to ATGL-1, it 
sequesters ATGL-1 from lipid droplets, resulting in the ubiquitin-mediated degradation of 
	   81	  
ATGL-1 via the proteasome (XIE AND ROY 2015). Therefore, to determine whether AMPK 
activity promotes lipid loss in autophagy mutants, RNAi depletion of aak-2 (a catalytic subunit 
of AMPK) or par-5 (the gene encoding the C. elegans ortholog of 14-3-3) was tested in atg-7 
mutants. However, we detected no change in the lipid levels in atg-7 mutant animals treated with 
aak-2 or par-5 RNAi, when compared to control animals (Fig. S3.5). 	  
In C. elegans, nutrient poor conditions, or fasting, promotes an increase in intracellular 
cAMP levels that activate PKA. Phosphorylation of ATGL-1 by PKA protects ATGL-1 from 
proteosomal degradation (LEE et al. 2014). ATGL-1 is then free to bind LID-1 and promote 
lipolysis (LEE et al. 2014). It is possible that autophagy mutant animals exhibit metabolic defects 
resulting in nutrient deficiency, as worn-out organelles such as mitochondria, are not properly 
disposed of and recycled.  Therefore, to determine if PKA signaling is required for the increased 
expression of ATGL-1 in autophagy-deficient animals, we used RNAi to inhibit kin-1, the gene 
encoding the catalytic subunit of PKA and evaluated neutral lipid content. Interestingly, RNAi 
depletion of kin-1 restored lipid levels in atg-7, atg-16.2, and glp-1;atg-7 mutants (Fig. 3.4D and 
3.4E). These data suggest that PKA signaling mediates the upregulation of ATGL-1 expression 
in autophagy mutants. 	  
	  
3.4 Discussion and conclusion	  
The rise in obesity and lipid-related metabolic disorders is an increasingly prevalent problem, 
especially in developed nations. Treatments focused on modifying diet and exercise, have proved 
ineffective. In recent years, the link between lipid metabolism and autophagy has been heavily 
scrutinized. Modulating levels of autophagy is a potential therapeutic tool for treatment of 
obesity, with the caveat that consequences of said treatments are unknown. Therefore, we must 
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first elucidate the consequences of altering in vivo basal autophagy levels. Moreover, studies in 
non-adipose tissue, with limited storage capacity for lipids, are of particular interest, as excessive 
uptake of free FA may overwhelm the cell and eventually result in damage or death (RAMBOLD 
et al. 2015). 
We previously demonstrated a role for autophagy gene function in the maintenance of 
neutral lipid storage in C. elegans. In this study, we evaluate the requirement of two additional 
key autophagy genes, atg-7 and atg-16.2 in neutral lipid homeostasis, in addition to those we 
previously reported.  We demonstrate that TAG synthesis is functional in autophagy gene-
depleted animals. We found that the mobilization of lipid stores, in response to food deprivation, 
is unaffected in autophagy mutants. Moreover, we identified ATGL-1, a ubiquitous cytosolic 
lipase, to be required for the lipid loss in C. elegans autophagy mutants. Interestingly, we also 
find that PKA signaling may mediate ATGL-1-dependent lipolysis in autophagy-impaired 
animals.  
  In S. cerevisiae, autophagy gene function is not required for lipogenesis (VAN ZUTPHEN et 
al. 2014), as mutations in core components of the autophagy machinery, such as atg6 and atg8, 
the yeast orthologs of bec-1/BECN1 and lgg-1/LC31, respectively, had no effect on the formation 
of lipids in cells treated with oleic acid (VAN ZUTPHEN et al. 2014). Similarly, in C. elegans, it 
appears that TAG and lipid droplet synthesis is independent of functional autophagy, as a null 
mutation in bec-1, and loss of function mutations in atg-7 and atg-16.2, had no effect on 
lipogenesis in the presence of excess fatty acids. Short-term oleic acid supplementation resulted 
in the accumulation of neutral lipids outside of the intestine, such as in the epidermis. Therefore 
it appears that autophagy is not a requisite for the transport of fats from one tissue to another 
when nutrients are abundant. The location of TAG and subsequent lipid droplet synthesis 
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however, remains to be determined. It is possible that (1) TAG and lipid droplet synthesis occur 
in the intestine only, (2) the epidermis also contributes to anabolic lipid processes, or (3) a 
combination of both. 
  Nutrient deprivation is a potent activator of autophagy (RUSSELL et al. 2014). The 
transcriptional activation of autophagy and lysosomal lipolysis are induced during fasting in C. 
elegans (O'ROURKE AND RUVKUN 2013). However, our studies demonstrate that depletion of 
lipid stores can still occur in fasted autophagy mutant animals. Our data suggest that there are 
additional or compensatory mechanisms to drive lipid catabolism in the absence of autophagy. In 
support of this, short-term fasting was shown to induce lipid accumulation in lysosome-related 
organelles in the intestine of C. elegans, independent of both autophagy and RAB-7-mediated 
endocytosis (HUANG et al. 2014). 	  
 We propose that the lipid breakdown, observed in autophagy gene mutants, is mediated 
by increased stability of the ubiquitous cytosolic lipase ATGL-1, in response to autophagy 
deficiency. The regulation of atgl-1 at the transcriptional level does not always correlate with 
ATGL-1 enzyme activity, as this protein is highly regulated at the post-translational level, 
especially by phosphorylation (ZECHNER et al. 2012). Therefore, the increase in ATGL-1::GFP 
protein levels observed in unc-51 and atg-7 mutants may indicate enhanced stability of ATGL-1. 
The reduced expression of ATGL-1 in atg-16.2 mutants may explain the enlarged lipid droplets 
observed in the posterior-intestinal region. Interestingly, atg-16.2 in C. elegans and mammalian 
ATG16L1 share similar sequence homology, as both genes encode multiple WD40 repeats 
(ZHANG et al. 2013). WD40 repeats serve as a platform for protein-protein interactions (ZHANG 
AND ZHANG 2015). In C. elegans the molecular function of the WD40 repeats in atg-16.2 
mutants appears to be indispensable for canonical autophagy (Zhang et al., 2012). However, it is 
	   84	  
possible that the WD40 repeats may serve a non-canonical autophagy function. Previously, the 
mammalian homologs of Atg18 (ATG-18 in C. elegans), WIPI1 and WIPI2 were the only known 
ATG proteins to contain a WD40 motif (RIETER et al. 2013). It is possible that these WD40 
containing proteins somehow interact with other lipid processes.  
In summary, we identified a novel link between autophagy and ATGL-1-mediated 
lipolysis in C. elegans. Our studies also demonstrate that PKA signaling may mediate the 
increase of ATGL-1 expression in autophagy mutants. If PKA phosphorylation protects ATGL-1 
from proteosomal degradation in C. elegans, it is possible that PKA activity also promotes the 
increase and stability in ATGL-1 protein levels, in response to autophagy gene deficiency. 
Further studies are needed to elucidate the complex interplay between the autophagy machinery 
and ATGL-1. Dissecting the molecular details that interlink autophagy and lipolysis in a tissue-
specific context is necessary to treat lipid-related metabolic disorders.	  
 
3.5 Materials and Methods 
Strains  
The following strains were obtained from the Caenorhabditis Genetics Center: wild type (Bristol 
N2), CB369: unc-51(e369), VC517: bec-1(ok691), RB2372: atg-16.2(ok3224), DG2389: glp-
1(bn18), and VS20: hjIs67[pATGL-1::ATGL-1::GFP]. pDHS-3::DHS-3::GFP was a gift from 
Dr. Pingsheng Liu (Chinese Academy of Sciences) and HZ1686: atg-7(bp411);him-5(e1490) 
was a gift from Dr. Hong Zhang (Chinese Academy of Sciences).  The following strains were 
made for this study: QU190: atg-7(bp411), QU225: glp-1(bn18); atg-7(bp411), QU170: bec-
1(ok691)/nT1; pDHS-3::DHS-3::GFP, QU172: atg-7(bp411); pDHS-3::DHS-3::GFP, QU162: 
atg-16.2(ok3224); pDHS-3::DHS-3::GFP, QU137: unc-51(e369); hjIs67[pATGL-1::ATGL-
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Synchronized L1 larvae were collected and transferred to plates seeded with HT115 E. 
coli that express dsRNA for the corresponding target gene. Bacteria expressing specific dsRNA 
were obtained from the Ahringer (KAMATH et al. 2003) and the Vidal libraries (RUAL et al. 
2004). All RNAi plasmids were sequence verified prior to use.  
 
Compounds used in this study 
Sodium Azide, 25 mM (Fisher Scientific S2271) used to immobilize animals for imaging. 
Oil-Red-O (Sigma Aldrich O0625) used to detect neutral lipids post-fixation. 
Oleic Acid, 5 mM (Fisher Scientific A195) used to stimulate lipid droplet synthesis. 
 
Experimental conditions 
Animals were raised on NGM agar plates containing OP50 E. coli at 20°C. The same population 
was assayed for pharyngeal pumping, defecation rates and stained with Oil-Red-O. 
 
Pharyngeal pumping and defecation rates 
Pharyngeal pumping rates were measured as previously described (LAPIERRE et al. 2013b). 
Defecation rates were determined by measuring the average of 2 consecutive defecation cycles 
(MAK et al. 2006). Prior to measurements animals were incubated at room temperature (22°C) 
for 1 hour. At least 10 animals were analyzed for each trial and the values represent the 
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combined average of 2 trials.  One-Way ANOVA comparisons were performed (GraphPad Prism 
5.0 software) using wild-type animals. 
 
Oil-Red-O lipid staining and quantification 
Lipid levels were analyzed using Oil-Red-O staining of fixed animals as previously described 
(MAK et al. 2006). Quantification of Oil-Red-O staining (Image J software) was performed as 
previously described (YEN et al. 2010). 
 
Oleic acid supplementation 
Young adults placed were placed on a control diet (100 µL of ethanol added directly to E. coli 
seeded NGM plates) or a diet supplemented with 5 mM oleic acid diluted in ethanol (100 µL 
added directly to E. coli seeded NGM plates) and fed ad libitum. After two hours, animals were 
collected, fixed and stained with Oil-Red-O. 
 
Starvation experiment 
Synchronized young adults were fed ad libitum (E. coli seeded NGM plates) or starved for six 
hours. To induce starvation animals were washed 3X in M9 buffer (42 mM Na2HPO4 22 mM 
KH2PO4 86 mM NaCl, 1 mM MgSO4-7H2O) to remove residual bacteria and placed on 
unseeded NGM plates containing carbenicillin (5.9 µM). After six hours animals were collected, 
fixed and stained with Oil-Red-O. 
 
Quantification of intestinal lipid droplet diameter and number  
Transgenic worms were mounted on a 3% agarose pad using M9 buffer containing 25 mM 
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sodium azide. Fluorescent images (AxioCam Zeiss Imager A1) of animals expressing the 
transgene pDHS-3::DHS-3::GFP were used to manually quantify (Axiovision Software) the 
average droplet diameter (µm) and total number of lipid droplets in the anterior (20 X  20 µM), 
mid (10µm X 10µm) and posterior (20 X 15 µm) intestinal regions of 1 day-old adult animals. 
Fluorescent images were acquired with constant exposure time and intensity.  
 
Quantification of ATGL-1::GFP expression 
Transgenic worms were mounted on a 3% agarose pad using M9 buffer containing 25 mM 
sodium azide. Single-plane fluorescent images were acquired with constant exposure time and 
intensity (AxioCam Zeiss Imager A1) in 1 day-old adults expressing the pATGL-1::ATGL-
1::GFP transgene. Fluorescence was quantified (Image J software) in both anterior (20 X 20 µM) 
and posterior-intestinal regions (20 X 15 µm) of the animal.   
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3. 7 Supplementary Figures	  
  
Figure S3.1. Autophagy mutants have normal pharyngeal pumping and defecation rates 
(A) Pharyngeal pumping  and (B) defecation rates were measured in 1 day-old adult wild type, atg-7(bp411) and 
atg-16.2(ok3224) mutant animals (ANOVA, error bars +/- SEM, average of 2 trials, n=20). 
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Figure S3.2. Candidate lipase screen reveals that depletion of atgl-1 suppresses the decrease in lipids of atg-7 
and atg-16.2 mutants.  
(A)-(C) Quantification of Oil-Red-O stained neutral lipids in 1 day-old wild type, atg-7(bp411), and atg-16.2
(ok3224) mutant animals, fed control bacteria or bacteria expressing dsRNA against atgl-1, far-3, lipl-1, lipl-2, 
lipl-3, lipl-4, and lipl-5 from L1 larvae and throughout larval development (*P<0.05, **P<0.01, ***P<0.001, 
ANOVA comparison using wild type, atg-7(bp411) and atg-16.2(ok3224) mutants fed control RNAi bacteria, error 
bars +/- SEM, n=15-20, average of 2 trials). (D) Quantification of neutral lipids in 1 day-old adult wild type or atg-7
(bp411) mutant animals fed RNAi control bacteria, or bacteria expressing dsRNA against lips-1 or lips-2 as L1 
larvae and throughout larval development (ANOVA comparison using wild type and atg-7(bp411) mutant animals 









































































































Figure S3.3. Animals that express the transgene ATGL-1::GFP 
(A) Representative images (magnification, 160-fold) and (B) lipid quantification of wild type or atg-7(bp411) mutant 
animals with or without the transgene that expresses ATGL-1::GFP (+; [ATGL-1::GFP] or atg-7(bp411); Is
[ATGL-1::GFP]). 1 day-old adult animals were harvested, fixed and stained with Oil-Red-O (*P<0.05, **P<0.01, 
ANOVA comparison using wild type, error bars +/- SEM, n>15, n=15-20). (C) Representative images 
(magnification 160-fold) and (D) quantification of 1 day-old adult wild type or atg-16.2(ok3224) mutant animals that 
express the transgene ATGL-1::GFP (*P<0.05, ANOVA comparison using wild type, error bars +/- SEM, n>15, 
repeated 1X with similar results) 
atgl-1::gfp atg-16.2; atgl-1::gfp 
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Figure S3.4. Neutral lipid content in in wild type and autophagy mutants is unaltered in plin-1/PLIN1 
deficient animals  
Quantification of neutral lipids in 1 day-old adult wild type or atg-7(bp411) mutant animals fed RNAi control 
bacteria, or bacteria expressing dsRNA against lips-1 or lips-2 as L1 larvae and throughout larval development 
(*P<0.05, ***P<0.001, ANOVA comparison using wild type and atg-7(bp411) mutant animals fed control RNAi 
bacteria, error bars +/- SEM, n=15-20, repeated 1X with similar results). 
RNAi: 
Background: 
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Figure S3.5. Lipid store depletion in atg-7 mutants is independent of aak-2/AMP or par-5/14-3-3 
Quantification of neutral lipids in 1 day-old adult wild type or atg-7(bp411) mutant animals fed RNAi control 
bacteria, or bacteria expressing dsRNA against lips-1 or lips-2 as L1 larvae and throughout larval development 
(ANOVA comparison using wild type and atg-7(bp411) mutant animals fed control RNAi bacteria, error bars +/- 
SEM, n=17-20, repeated 1X with similar results). 
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Autophagy and mitochondrial homeostasis in C. elegans 
 
4.1 Introduction 
 Mitochondria play a key role in cellular metabolism. In addition to generating a constant 
supply of ATP, mitochondria are also transducers of intracellular signaling pathways and they 
play a key role in lipid metabolism. Mitochondria play both an anabolic and catabolic role in 
lipid metabolism. Fatty acids must be activated (via acyl-CoA) during the synthesis of neutral 
lipids such as triacylglycerol. Moreover, mitochondria are the major site of β oxidation, where 
fatty acids are broken down to generate acetyl-CoA.  
 Mitochondria are highly dynamic organelles that oscillate between fusion and fission 
states, in response to metabolic cues to maintain the bioenergetics needs of the cell (MISHRA AND 
CHAN 2016; WAI AND LANGER 2016). Mitochondrial fusion and fission (mitochondrial 
dynamics) are required for proper mitochondrial function and homeostasis. Fission allows the 
equal segregation of mitochondria into daughter cells during cell division and as a mechanism to 
segregate unhealthy or worn-out mitochondria (TWIG et al. 2008). Mitochondrial fusion is a 
mechanism required for proper respiratory activity and metabolic efficiency (MANDAL et al. 
2005; MITRA et al. 2009). 
 The plasticity of mitochondria results from the activity of a family of dynamin-related 
GTPases (PRAEFCKE AND MCMAHON 2004). Mitochondrial fusion occurs in two sequential steps, 
beginning with fusion of the outer mitochondrial membrane (OMM), followed by fusion of the 
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inner mitochondrial membrane (IMM). OMM fusion events are controlled by the two mito-
fusion proteins, Mnf1 and Mnf2 in mammals and FZO-1 in C. elegans (CHEN et al. 2003; 
ROLLAND et al. 2009).  Conversely, IMM fusion events are controlled by the GTPase Opa1 in 
mammals and EAT-3 in C. elegans (SESAKI et al. 2003; MISAKA et al. 2006; ROLLAND et al. 
2009). Mitochondrial fission is controlled by a dynamin family protein Drp1 in mammals and 
DRP-1 in C. elegans (BLEAZARD et al. 1999; LABROUSSE et al. 1999; SMIRNOVA et al. 2001). 
The GTPase activity of DRP-1/Drp-1 constricts the OMM and acts as molecular scissors to sever 
the OMM (LABROUSSE et al. 1999; VAN DER BLIEK et al. 2013).  
 Interestingly, an essential function of the mitochondrial fusion machinery in steroid 
biosynthesis was recently established, in mammals (DUARTE et al. 2012). Steroid synthesis was 
shown to depend on changes in mitochondrial fusion that can be regulated in a hormone 
dependent manner (DUARTE et al. 2012). Mfn2 is upregulated after steroidogenic stimuli, and 
blocking mitochondrial fusion by knockdown of Mfn2 resulted in a decrease in steroid synthesis. 
It has been proposed that changes in mitochondrial fusion could be a limiting step in the process 
that transports intermediate products between organelles essential for steroidogenesis (DUARTE 
et al. 2012). In C. elegans, fzo-1 mutant animals exhibit significantly reduced lipid content in 
addition to fragmented mitochondria (ROLLAND et al. 2009; JOHNSON AND NEHRKE 2010). 
Therefore, defects in mitochondrial fusion can disrupt other vital cellular processes in an addition 
to mitochondrial homeostasis.  
 Autophagy is intricately linked to mitochondrial quality control. The selective 
degradation of mitochondria by mitophagy is preceded by mitochondrial fission, to reduce the 
size of mitochondria to facilitate engulfment by the isolation membrane (MURAKAWA et al. 
2015). Interestingly, ubiquitin-like components of the selective autophagy machinery in 
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mammals, ATG12 and ATG3 were found to have an effect on mitochondrial homeostasis, 
displaying reduced fusion activity (RADOSHEVICH AND DEBNATH 2011). It should be noted 
however, that the effects of the ATG12 and ATG3 on mitochondrial homeostasis are distinct 
from each individual role in autophagosome formation (RADOSHEVICH AND DEBNATH 2011). 
Conversely, both in vitro and in vivo evidence in mammals demonstrates that altered lipid 
content, specifically a high fat diet, inhibits autophagic vesicular fusion (KOGA et al. 2010). 
Autophagy is intimately linked to both mitochondrial metabolism and lipid metabolism. Thus we 
wanted to explore the role of autophagy in mitochondrial homeostasis and how it relates to lipid 
metabolism in C. eleagns. 
 
4.2 Results 
 To investigate the role of autophagy gene activity on mitochondrial morphology in C. 
elegans, we used a mitochondrial reporter expressed in body wall muscle cells (HEAD et al. 
2011). Mitochondria were detected with a dual label reporter that consists of a resident outer 
membrane protein (TOM70) fused to yellow fluorescent protein (YFP), and a mitochondrial 
matrix marker containing an N-terminal mitochondrial leader sequence (mls) fused to cyan 
fluorescent protein (CFP) (LABROUSSE et al. 1999; HEAD et al. 2011). C. elegans body wall 
muscles are elongated and exhibit predominately tubular mitochondria that run parallel to the 
cell axis (LABROUSSE et al. 1999; LEE et al. 2003; HEAD et al. 2011). Loss of drp-1 in C. elegans 
results in highly elongated and fused mitochondria, due to lack of fission of the OMM (Figure 
4.1) (LABROUSSE et al. 1999). Conversely, loss of OMM fusion, via depletion of fzo-1, results in 
highly fragmented mitochondria (Figure 4.1) (KANAZAWA et al. 2008). Under normal conditions, 
in the empty vector control animals, we found that mitochondria are generally tubular branching 
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structures (Fig. 4.1), as previously described (LABROUSSE et al. 1999; KANAZAWA et al. 2008). 
 
However, RNAi knockdown of autophagy genes, such as bec-1, vps-34, lgg-1, unc-51, atg-14 
















































Figure 4.1. Knockdown of autophagy gene activity results in mitochondrial fragmentation in C. elegans 
body wall muscle cells.  
Representative fluorescent images (1000X magnification) and corresponding quantification of mitochondrial 
morphology phenotypes in body wall muscle tissue of L4 transgenic animals (N2 double label(dl) Ex
[myo3pro::Outer MembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 5) grown at 20°C. Animals were 
fed dsRNA throughout development against autophagy genes bec-1, vps-34, lgg-1, unc-51, atg-18, and pink-1. 
As controls, animals were RNAi treated against fzo-1 and drp-1 resulting in the fragmented mitochondria 
phenotype (fusion defect) and the interconnected mitochondria phenotype (fission defect), respectively. 
Interestingly, inhibition of pink-1 resulted in highly fragmented mitochondria that often clustered around the 














































































































































(Adapted from Rolland et. al 2009) 
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RNAi (Fig. 4.1). In wild-type animals, less than 15% of the animals contain fragmented 
mitochondria, whereas about 50% of autophagy gene RNAi depleted animals exhibited 
fragmented mitochondria (Fig. 4.1). The fragmented morphology observed in autophagy gene 
depleted animals is highly reminiscent of the fusion defective phenotype associated with fzo-1  
RNAi knockdown (Fig. 4.1). Our results confirmed previous reports that loss of fusion (fzo-1 
RNAi), and loss of fission (drp-1 RNAi), results in fragmented or highly elongated and 
connected mitochondria in C. elegans body wall muscle cells (LABROUSSE et al. 1999; TAN et al. 
2008; ROLLAND et al. 2009). Interestingly, pink-1 (PINK1 in mammals) RNAi depletion also 
displayed a highly fragmented mitochondria phenotype (Fig. 4.1).  
Compared to the tubular mitochondrial morphology observed in the muscle cells of wild-type 
animals, autophagy mutants unc-51(e369), bec-1(ok691), atg-16.2(ok3224) and atg-18(gk378), 
exhibited a range of mitochondrial morphologies, with the predominant morphology being the 
fragmented phenotype (Fig. 4.2). Interestingly, we found that heterozygous bec-1(ok691)/nT1 
mutants also displayed an increase in the number of fragmented mitochondria in muscle cells, 
compared to controls. Our results indicate that lack of autophagy gene activity may affect 
mitochondria homeostasis and function.  
 To determine if the fragmented mitochondrial morphology observed in autophagy 
mutants affects mitochondrial function, we used an in vivo luciferase assay to measure ATP 
levels. Eukaryotic organisms have several rapid compensatory mechanisms to ameliorate altered 
ATP output during times of stress. Thus real-time in vivo ATP analysis is a reliable measure of 
the metabolic status of an organism. We found that knockdown of several autophagy genes bec-1, 
vps-34, lgg-1, unc-51 and atg-7, along with the mitophagy gene, pink-1 exhibit reduced ATP 
levels in wild-type animals (Fig. 4.3). We found that bec-1, vps-34, lgg-1, unc-51, or atg-7 RNAi 
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depleted animals had levels of ATP production between 50-80% as compared to control animals. 
In summary, the knockdown of autophagy genes reduces ATP output. Thus, the fragmented 




























Figure 4.2. Autophagy genes are required to maintain mitochondrial morphology in body wall muscle cells 
Representative fluorescent images (1000X magnification) and corresponding quantification of mitochondria 
morphology phenotypes in body wall muscle tissue of L4 transgenic animals (N2 double label (dl) Ex
[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 5) that carry chromosomal deletions of 
bec-1(ok691), atg-16.2(ok3224), atg-18(gk378) or a missense mutation in unc-51(e369). Animals were grown at 
20°C. While control animals exhibit predominately tubular mitochondria that run parallel to the cell axis, mutations 
in either bec-1, atg16.2, unc-51 and atg-18 results in highly fragmented mitochondria and disorganization of the 





















































































(Adapted from Rolland et. al 2009) 
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 One reason for the fragmented mitochondrial phenotype, associated with autophagy 
mutants, may be due to a lack of mitophagy, and therefore an increase in damaged mitochondria 
not readily degraded (PALIKARAS et al. 2015). It is also possible that the mitochondrial 
fragmented phenotype of autophagy mutants could result from an increase in fission, or a defect 
in fusion. To elucidate if autophagy mutants have a defect in mitochondrial fusion or fission, we 
used RNAi to inhibit fzo-1 and drp-1 in autophagy mutant animals, and analyzed mitochondrial 
morphology in body wall muscle tissue. Autophagy mutants, such as bec-1, which exhibited 
highly fragmented mitochondria, predominantly display elongated and connected mitochondria 
upon depletion of drp-1 (Fig. 4.4). 100% of bec-1 mutant animals that were drp-1 RNAi 
depleted had the elongated and connected mitochondria phenotype, similar to the drp-1 RNAi or 
chromosomal mutants (LABROUSSE et al. 1999). A similar result was observed in unc-51 and 
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Figure 4.3. Inhibition of autophagy genes by RNAi reduces in vivo ATP production 
Transgenic bioluminescent animals (PE255 feIsf [sur-5p::luciferase::GFP + rol-6(su1006)] X) were grown at 20°C 
and fed dsRNA throughout development against autophagy genes bec-1, vps-34, lgg-1, atg-7, unc-51, and pink-1. 
Animals were harvested at L4 stage. Relative in vivo ATP levels were determined by measuring the % 
bioluminescence after the addition of the substrate luciferin was provided exogenously. As controls, animals were 
fed the empty vector control or RNAi treated against green fluorescent protein (gpf).  
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atg-16.2 mutants after drp-1 RNAi depletion (Fig. 4.4). These data imply that the defect in 
mitochondrial morphology observed in autophagy mutants is not a defect in fusion. Interestingly, 
fzo-1 depletion in autophagy mutant backgrounds, unc-51(e369), bec-1(ok691), atg-16.2(ok3224) 
and atg-18(gk378), enhanced the fragmented mitochondrial phenotype (Fig. 4.4). From these 


























































































Figure 4.4. Mitochondria are able to fuse in autophagy gene mutant animals 
Quantification of mitochondria morphology phenotypes in body wall muscle tissue of L4 transgenic animals (N2 
double label (dl) Ex[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 5) that carry 
chromosomal deletions of bec-1(ok691), atg-16.2(ok3224), atg-18(gk378) or a missense mutation in unc-51(e369). 
Animals were fed bacterial expressing dsRNA throughout development against fzo-1, drp-1 and the empty vector 
control. Experiment represents the combined average of two trials (n>30). 
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4.3 Conclusion 
   
  In this study, we determined that mitochondrial morphology and function are disrupted 
upon depletion of autophagy gene activity. We found that loss of autophagy gene function, by 
either RNAi or chromosomal mutation, resulted in highly fragmented mitochondrial morphology, 
as compared to wild-type animals that exhibited elongated tubular mitochondria. In C. elegans, a 
recent publication reported that loss of BEC-1 impairs the removal of damaged mitochondria by 
mitophagy, thus resulting in an increase in mitochondrial mass (PALIKARAS et al. 2015). Thus, 
the fragmented mitochondrial phenotype found in autophagy mutants, or autophagy depleted 
animals, appears to be a consequence of impaired mitochondrial degradation by mitophagy. 
Studies in mitochondrial function and homeostasis are important since impaired mitochondrial 
maintenance is considered a hallmark of many age-related pathologies (KAEBERLEIN 2010; 
MALPASS 2013). 
  
4.4 Materials and methods 
Strains 
N2 Ex[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 5), was 
kindly provided by Dr. Alexander van der Bliek, UCLA. PE255: feIsf [sur-5p::luciferase::GFP + 
rol-6(su1006)] X, was a gift from Dr. Cristina Lagido, University of Aberdeen.  
 
The following strains were made for this study: QU134: unc-51(e369); 
Ex[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 5), QU135: bec-
1(ok691)/nT1; Ex[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 
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5), QU136: atg-16.2(ok3224); Ex[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP 
+ pRF4] (Line 5) and QU144: atg-18(gk378); Ex[myo3pro::OuterMembraneINV-YFP + 
myo3pro::MatrixCFP + pRF4] (Line 5). 
 
Experimental conditions 
Animals were raised on NGM agar plates containing OP50 E. coli or HT115 E. coli at 20°C. 
 
RNAi treatments 
To avoid defects that occur during embryonic development, L1 larvae were collected and 
transferred to plates seeded with HT115 E. coli that express dsRNA against the corresponding 
target gene. Bacteria expressing specific dsRNA were obtained from the Ahringer (KAMATH et 
al. 2003) and the Vidal libraries (RUAL et al. 2004). Only healthy individuals were examined 
following RNAi treatment. 
 
Mitochondrial morphology imaging and analysis 
Transgenic worms were mounted on a 3% agarose pad using M9 buffer containing 25 mM 
sodium azide. Fluorescent images (1000X magnification) were acquired (AxioCam Zeiss Imager 
A1) in L4 animals expressing the body wall muscle cell mitochondria marker 
Ex[myo3pro::OuterMembraneINV-YFP + myo3pro::MatrixCFP + pRF4] (Line 5). 
Mitochondrial morphology was scored qualitatively by two independent blind counts.  
 
Measurement of luminescence  
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Luminescence was measured in a FLUOstar Omega microplate reader in the visible spectral 
range between 300-600 nm in white 96-well microplates.  50 µl of luminescence buffer (citrate 
phosphate buffer pH 6.5, 0.1 mM D-luciferin, 1% DMSO and 0.05 % triton-X) was added to 
each well containing ~ 200 animals in 50 µl of M9 buffer (triplicates of each). Animals were 
incubated for 5 minutes and luminescence was read for 1 second. Fluorescence was quantified 
immediately after, using a 485 nm excitation filter, and a 520 emission filter. Background 
measurements were subtracted from both the luminescent and fluorescent readings. 
Luminescence was divided by fluorescence to obtain the relative ATP measurements. ANOVA 
comparisons (performed with the software GraphPad Prism 5.0) were made using control 
animals as stated. 
 
Oil-Red-O lipid staining and quantification 
Lipid levels were analyzed using Oil-Red-O staining of fixed animals as previously described 
(BROOKS et al. 2009). Quantification of Oil-Red-O staining was performed as previously 
described using Image J software (YEN et al. 2010). 
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  In C. elegans it has previously been shown that ATGL-1 protein levels are regulated by 
the proteasome (XIE AND ROY 2015). In addition to proteasomal regulation of ATGL-1, we were 
curious if the autophagy lysosomal pathway also regulates ATGL-1 protein levels. To test this 
possibility we assessed the effect of lysosomal inhibition on ATGL-1::GFP fluorescence levels. 
To inhibit lysosomal function, we used two lysosomotropic drugs, chloroquine and ammonium 
chloride, both of which neutralize the acidic pH of the lysosome (CHAPIN 2015). We fed animals 
choloroquine and ammonium chloride throughout development, starting as L1 larvae, and 
evaluated ATGL-1::GFP expression in adult wild-type animals, atg-7/ATG7, and unc-51/ULK1/2 
mutants. We found that the expression levels of ATGL-1::GFP in unc-51/ULK1 and atg-7/ATG7 
mutants, treated with either ammonium chloride or chloroquine, was comparable to that of wild-
type animals (Fig. A.1 and A.2). To assess if chloroquine and ammonium chloride treatment did 
indeed inhibit lysosomal function, we measured foci labeled with the autophagosome reporter, 
GFP::LGG-1, in the seam cells of wild type animals (Fig. A.1 and A.2). As expected, we found 
that wild type animals treated with either chloroquine or ammonium chloride had increased 
levels of GFP::LGG-1 puncta, compared to non-treated controls (Fig. A.1 and A.2). Taken 
together, these data imply that lysosomal function does not contribute to the maintenance of 
ATGL-1 protein levels. 	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Figure A.1. Impaired lysosomal function does not appear to affect ATGL-1::GFP expression levels 
in wild-type animals or in autophagy mutants 
(A) Representative images (magnification, 630-fold) of seam cells in L4 animals expressing 
pLGG-1::LGG-1::GFP treated with (+) or without (-) chloroquine  (30 mM), a lysosomal inhibitor. (B) 
Representative images and (C) quantification of pATGL-1::ATGL-1::GFP expression in 1 day-old adult 
wild type, unc-51(e369) and atg-7(bp411) mutants treated with (+) or without (-) chloroquine (30 mM), 
a lysosomal inhibitor, (ANOVA comparison using wild type animals, error bars +/- SEM, n=15-20). 
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  Next, we used another approach to evaluate the possibility that ATGL-1 expression is 
controlled by lysosomal degradation. daf-2/InR mutants exhibit a moderate increase in autophagy 
levels, as measured by quantification of GFP::LGG-1 foci in seam cells (MELENDEZ et al. 2003; 
HANSEN et al. 2008). Additionally, the partial loss of function allele of daf-2, e1370, has been 
used to enhance the autophagic degradation of protein aggregates labeled with the autophagy 
cargo adaptor protein, SQST-1::GFP, as a result of a mutation in the ribosomal protein, rpl-43, 
pLGG-1::LGG-1::GFP 
control 
(-) lysosomal inhibitor 
ammonium chloride 
(+) lysosomal inhibitor 
B 
A 
Figure A.2. Impaired lysosomal function does not appear to affect ATGL-1::GFP expression levels 
in wild-type animals or in autophagy mutants 
(A) Representative images (magnification, 630-fold) of seam cells in L4 animals expressing 
pLGG-1::LGG-1::GFP treated with (+) or without (-) ammonium chloride, a lysosomal inhibitor. (B) 
Images and (C) quantification of pATGL-1::ATGL-1::GFP expression in 1 day-old adult wild type, 
unc-51(e369) or atg-7(bp411) mutants treated with (+) or without (-) ammonium chloride, a lysosomal 
inhibitor, (ANOVA comparison using wild type animals, error bars +/- SEM, n=15-20). Repeated once 
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which leads to abnormal protein synthesis (GUO et al. 2014). Therefore, we reasoned that if 
ATGL-1 proteins are regulated by the autophagy/lysosomal pathway, then we would expect to 
detect a reduction in ATGL-1::GFP expression in daf-2/InR mutant animals. Interestingly, we 
did not notice a reduction in ATGL-1::GFP expression levels in daf-2(e1370) mutants (Fig. A.3). 
This data suggests that ATGL-1 protein levels are not directly regulated by the 
autophagy/lysosomal pathway, and may further suggest that an alternative mechanism exists for 
the regulation of ATGL-1 protein levels in autophagy mutants. 
	  
  In an additional attempt to determine if the lysosome contributes to ATGL-1 degradation, 
we decided to use RNAi to inhibit lysosomal gene function and assess ATGL-1::GFP expression. 
However we were unable to perform the experiment. To our surprise, wild-type animals, in 
addition to unc-51/ULK1 and atg-7/ATG7 mutants fed the empty vector L4440 control in HT115 
E. coli (as opposed to the normal diet of OP50 E. coli) exhibited a reduction in ATGL-1::GFP 
expression (Fig. A.4). Moreover, we no longer detected an increase in ATGL-1::GFP expression 
Figure A.3. ATGL-1::GFP expression levels do not appear to be regulated by the lysosome 
Quantification of pATGL-1::ATGL-1::GFP expression in 1 day-old adult wild type, daf-2(e1370) or 
atg-7(bp411) mutants treated raised at (A) 20°C or raised at 20°C and shifted to 25°C for 18 hours 
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in unc-51/ULK1 and atg-7/ATG7 mutants (Fig. A.4). Thus we were unable to test this possibility. 
The L4440 vector backbone has previously been shown to induce transcriptional silencing in 
transgenic animals (GRISHOK et al. 2005). Thus the transgene and L4440 vector may share 
plasmid backbone sequences.	  
	  
	  
Materials and methods 
 
Strains 
VS20: hjIs67[pATGL-1::ATGL-1::GFP], QU137: unc-51(e369); hjIs67[pATGL-1::ATGL-
1::GFP], QU203: atg-7(bp411); hjIs67[pATGL-1::ATGL-1::GFP], QU291: daf-2(e1370); 
hjIs67[pATGL-1::ATGL-1::GFP] and  DA2123: Is[pLGG-1::GFP::LGG-1] 
 
Chloroquine treatment 
Standard NGM plates seeded with OP50 were UV-treated at 500J/cm2 for 10 minutes using a 






OP50 HT115 OP50 HT115 OP50 HT115 





























   
ns 
Figure A.4. Animals fed HT115 E. coli have reduced ATGL-1::GFP 
(A) Quantification of pATGL-1::ATGL-1::GFP expression in 1 day-old adult wild type, unc-51(e369) 
or atg-7(bp411) mutants in animals fed OP50 or HT115 E. coli bacteria (ANOVA comparison using 
wild type animals fed OP50, error bars +/- SEM, n=15-20). Repeated once with similar results. 
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chloroquine diphosphate salt (Sigma Aldrich) or dH2O as a control. L1 larvae were then 
transferred onto UV treated plates with either chloroquine or control, and allowed to grow at 
20°C and analyzed as 1 day-old adults. 
 
Ammonium chloride (NH4Cl) treatment 
Standard NGM plates seeded with OP50 were UV-treated at 500J/cm2 for 10 minutes using a 
UV-crosslinker (Fisher Scientific). UV-treated plates were then supplemented with either 2 M 
NH4Cl diluted 100 fold in fresh OP50 or 0.1 M HCl diluted in OP50 as a control. 
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Conclusion and future directions 
 
 
Using a cellular and genetic approach, combined with light and fluorescent microscopy, 
the research in this dissertation has focused on elucidating the mechanism by which autophagy 
gene activity contributes to the maintenance of neutral lipid homeostasis in C. elegans. In chapter 
2, we establish that autophagy gene activity is necessary for lipid storage in C. elegans. We 
found that autophagy gene activity is required during development to accumulate neutral lipids 
in adult animals. Specifically, we determined that bec-1/BECN1, an essential autophagy gene, is 
required to accumulate lipids, in wild-type animals. Moreover, bec-1/BECN1 is required to 
maintain the increased lipid levels in long-lived daf-2/InR and glp-1/Notch mutant animals. In 
addition to bec-1/BECN1, several other autophagy genes (unc-51/ULK1/2, vps-34/VPS34, lgg-
1/LC3, atg-7/ATG7 and atg-16.2/ATG16L) were shown to be required for lipid accumulation in 
wild-type animals and in glp-1/Notch loss of function mutants. Notably, the reduction in lipid 
accumulation was not a consequence of reduced nutrient uptake. The decrease in lipid levels 
could be a consequence of reduced lipid synthesis, defective lipid storage or an increase in lipid 
breakdown.  
  In chapter 3, we explored the mechanism that promotes lipid-loss in autophagy mutant 
animals. It is possible that autophagy gene mutants are deficient in lipid synthesis. Therefore we 
stimulated lipid synthesis by supplementing the C. elegans diet with oleic acid. Interestingly, 
oleic acid supplementation significantly increased lipid levels in several autophagy mutant 
backgrounds (bec-1/BECN1, atg-7/ATG7 and atg-16.2/ATG16L). Moreover, lipid content was 
restored to that of wild-type animals. Additionally, we noticed that upon oleic acid 
supplementation, autophagy mutant animals accumulate lipid droplets in the intestine and the 
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hypodermis, indicating that lipid storage was not affected. As such, we hypothesized that 
autophagy deficiency may result in increased lipid catabolism. We therefore reasoned that the 
decrease in lipid content observed in autophagy mutants, may result form an increase in lipase 
activity.  
A candidate gene screen was performed to identify a potential lipase responsible for the 
low-fat phenotype observed in autophagy mutants. We identified adipose-triglyceride lipase 1, 
ATGL-1 (the mammalian ortholog of ATGL) in our screen. We found that inhibition of ATGL-1 
restored lipid levels in several autophagy mutant backgrounds (unc-51/ULK1/2, bec-/BECN1, 
atg-7/ATG7 and atg-16.2/ATG16.2L). Additionally, ATGL-1::GFP reporter levels were 
increased in atg-7/ATG7 and unc-51/ULK1/2 mutants, suggesting that ATGL-1 lipase activity is 
increased in these animals. Animals expressing the transgene ATGL-1::GFP, exhibit a reduction 
in neutral lipids, as compared to wild-type animals without the transgene, indicating that the 
ATGL-1::GFP protein is functional in promoting lipolysis. Similarly, we found that atg-7/ATG7 
mutants that express the ATGL-1::GFP transgene have a further reduction in neutral lipids as 
compared to atg-7/ATG7 mutants without the transgene.  
 The next step was to determine the signaling pathway that mediates the increase in 
ATGL-1 expression in C. elegans. ATGL-1 is highly regulated at the post-translational level. 
Interestingly, we found that protein kinase A (PKA) is required to mediate lipid-loss upon 
autophagy deficiency.  In C. elegans, under normal conditions, when food is abundant, ATGL-1 
is rapidly degraded by the proteasome. However, upon fasting, cAMP levels increase, resulting 
in the activation of protein kinase A (PKA), that in turn, phosphorylates ATGL-1. 
Phosphorylation by PKA stabilizes ATGL-1 protein in the cytosol, by preventing its proteosomal 
degradation (LEE et al. 2014). ATGL-1 is then available to bind its coactivator, the lipid droplet-
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associated protein LID-1 (CGI-58 in mammals) to drive lipolysis. Therefore, it is possible that 
autophagy-deficient animals, exhibit nutritional deficiency, thereby activating the cAMP-
dependent PKA pathway. However, we have not measured cAMP levels in autophagy mutant 
animals to prove this possibility.  
 In chapter 4, we evaluated the role of autophagy in the maintenance of mitochondrial 
morphology and function. In C. elegans body wall muscle cells, mitochondria are elongated 
tubular structures that run parallel to the cell axis. However upon depletion of autophagy gene 
activity (by RNAi or chromosomal mutation), muscle cell morphology was predominately 
fragmented. We next evaluated if the fragmented morphology correlates with impaired 
mitochondrial function. Using an in vivo luciferase assay, we determined overall ATP output is 
reduced in upon loss of several autophagy genes (unc-51/ULK1/2, bec-1/BENC1, vps-34/VPS34, 
atg-7/ATG7, lgg-1/LC3) in addition to the mitophagy gene pink-1/PINK1.  
 As C. elegans ATP levels are reduced in autophagy gene-deficient animals, we suspected 
that AMPK, a nutrient and energy sensor, may contribute to maintaining energy balance by 
activating catabolic pathways in autophagy-deficient animals. Interestingly, AMPK was recently 
shown to ration lipid preserves in long-lived dauer larvae (NARBONNE AND ROY 2009). AMPK 
activity inhibits lipolysis by promoting the proteosomal degradation of ATGL-1 (XIE AND ROY 
2015). Thus, we used RNAi to knockdown aak-1/AMPK (one of the catalytic subunits of 
AMPK) in atg-7/ATG7 mutants and assessed lipid content. Knockdown of aak-1/AMPK did not 
suppress lipid loss in atg-7/ATG7 mutants. In support of this, it was previously shown that 
knockdown of both aak-1 and aak-2 did not suppress fasting-induced lipolysis (LEE et al. 2014). 
In fact, worms with mutations in AMPK (either aak-1, aak-2 or aak-1;aak-2) exhibited a greater 
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decrease in lipids upon fasting. Thus supporting our conclusion that the PKA pathway, but not 
the AMPK pathway mediates lipolysis in autophagy-deficient animals. 
 Another possibility is that the autophagy lysosomal pathway regulates ATGL-1 protein 
levels, in addition to the proteasome. Thus far, we have not been able to prove, nor disprove this 
possibility. We have some preliminary data that suggests lysosomal function does not regulate 
ATGL-1::GFP expression (Appendix A), however this data is inconclusive.  
  Interestingly, C.elegans ATGL-1 contains multiple LC3 (LGG-1 in C. elegans) 
interacting region (LIR) motifs (MARTINEZ-LOPEZ et al. 2016). Thus, it is tempting to consider 
the possibility that the autophagy machinery may directly interact with ATGL-1. However, loss 
of a single LIR motif within ATGL in mammals, disrupted ATGL-mediated lipolysis in brown 
adipose and liver tissue and resulted in increased lipid content. While loss of autophagy in C. 
elegans reduces lipid content, we were still curious if any interaction exists between the 
autophagy machinery and ATGL-1. Using two transgenic reporters, MCHERRY::LGG-1 and 
ATGL-1::GFP, we assessed if the two reporters co-localized in wild-type animals. However, we 
did not detect any co-localization events between the two reporters in well-fed or starved animals 
(data not shown).  
  Thus, further studies are needed to decipher the mechanism by which autophagy-
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